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ABSTRACT OF DISSERTATION 
 
 
Neotectonics in San Diego, California: Paleoseismology, Slip Rate, and Offshore Structure of 
the Rose Canyon Fault 
 
by 
Drake Moore Singleton 
 
Doctor of Philosophy in Geophysics 
University of California San Diego, 2020 
San Diego State University, 2020 
 
Professor Jillian M. Maloney, Chair 
 
 
 The Newport-Inglewood-Rose Canyon (NIRC) fault system is a major structural 
boundary that extends along coastal southern California from Los Angeles to San Diego. The 
material presented in this thesis provides new data that resolve uncertainties in fault behavior 
for the southern segment, the Rose Canyon fault (RCF).  
 Stratigraphic evidence from newly opened paleoseismic trenches are used to interpret 
six surface-rupturing earthquakes on the RCF in the past 3,300 years. Paleoearthquake ages 
constrained by radiocarbon dating suggest a late-Holocene recurrence interval of ~700 years, 
with the most recent large-magnitude event occurring in the mid-1700s. When combined with 
previous paleoseismic studies, the new paleoearthquake ages show an apparent temporal 
correlation of earthquake occurrence between the southern and northern segments of the NIRC 
fault system, suggesting a possible northward-cascading sequence of earthquakes. 
 The RCF includes a significant onshore segment, which provides an opportunity to use 
traditional geodetic techniques to resolve slip rate. Surface velocities from a combined 
 
xiv 
campaign and continuous GPS network that spans the RCF are used to constrain elastic half-
space models. The best-fitting model suggests a rate that is toward the higher end of geologic 
estimates, as well as a potential rheological contrast across the fault trace. The GPS surface 
velocities further suggest a more easterly trace for the RCF, and a possible connection with the 
San Miguel-Vallecitos fault system.  
 South of downtown San Diego, the RCF splays out into a complex network of faults 
that accommodate the subsidence beneath San Diego Bay. Using legacy multi-channel seismic 
data and recently collected high-resolution chirp profiles, the fault structure and stratigraphic 
character beneath San Diego Bay is examined. Gridded surface horizons and fault maps show 
widespread down-to-the-east displacement. Fault orientations in the western portion of the San 
Diego Bay pull-apart basin are well described by a Rose Canyon–Descanso pull-apart basin, 
but faults in the eastern portion of the basin lie outside of this model and exhibit the wrong 
sense of displacement. A separate but related Rose Canyon–San Miguel-Vallecitos pull-apart 
basin may explain the faulting seen in the eastern portion of the basin.  
 
1 
1. Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
In Southern California, the Big Bend in the southern San Andreas fault system 
dominates the tectonic environment and results in a diffuse plate boundary that stretches ~200 
km from the Salton Sea to the Channel Islands offshore. The Inner Continental Borderland 
(ICB) represents the offshore portion of the Big Bend domain (Wetmore et al., 2018). The ICB 
is composed of a complex tectonic fabric that has undergone all three types of plate boundary 
deformation; mid-Cenozoic subduction-related structures are overprinted by Miocene 
extension, which in turn is overprinted by Plio-Quarternary dextral shearing (Atwater, 1970; 
ten Brink et al., 2000; Oskin and Stock, 2003; Legg, 1991). Similar to its terrestrial counterpart, 
the ICB consists of a series of northwest-trending right-lateral strike-slip faults that together 
accommodate 10–15% of the total plate boundary motion (Figure 1) (Legg, 1991; Platt and 
Becker, 2010).  
 The Newport-Inglewood-Rose Canyon fault system is the easternmost fault in the ICB 
and represents a major structural boundary between the ICB and Peninsular Range tectonic 
province (Figure 1) (e.g., Wright, 1991; Boles et al., 2015). The fault zone is relatively well 
mapped from western Los Angeles to downtown San Diego and is located beneath or within ~8 
km of the heavily populated southern California coastline (Moore, 1972; Wright, 1991; 
Sahakian et al., 2017). The 1933 Long Beach earthquake, which ruptured the southern onshore 
section of the northern Newport-Inglewood segment, demonstrates the fault's potential lethality 
and devastating effects on infrastructure. However, despite evidence of a connection to the 
clearly active northern Newport-Inglewood fault segment as early as the 1970s, prior to 1990, 
San Diego was perceived as a relative safe haven from the otherwise shifting ground of 
southern California. However, in 1989, new paleoseismic data provided evidence for Holocene 
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surface ruptures on the Rose Canyon fault that prompted a renewed interest in the seismic 
hazard of the San Diego region (Rockwell et al., 1991).  
 In the following decades, additional studies started to address some of the outstanding 
questions regarding the characteristics of the Rose Canyon fault. However, several key 
parameters required for an accurate seismic hazard assessment, such as the fault’s Holocene 
earthquake history, slip rate, and southern continuation, remain uncertain. In addition to 
improved seismic hazard assessment, constraining these parameters on the Rose Canyon fault 
addresses fundamental questions of earthquake science. For example, how are earthquakes 
spaced in time and how are fault characteristics and stress conditions related to temporal 
patterns? Some earthquake models predict that event recurrence is quasi-periodic (e.g., Reid, 
1910; Shimazaki and Nakata, 1980), but much more variability has been observed including 
temporal clustering and cascading (e.g., Grant and Rockwell, 2002; Marco et al., 1996; 
Pondard et al., 2007; Rockwell et al., 2009; Stein et al., 1997). Additionally, how and why do 
ruptures start and stop and what controls branching or triggering of earthquakes from one fault 
zone to another? Several recent earthquakes on fault systems around the world involved highly 
complex rupture patterns that have called into question previous assumptions about rupture 
propagation across fault steps (e.g., 2016 Kaikoura, NZ (Hamling et al., 2017); 2010 El Mayor-
Cucapah, MX (Fletcher et al., 2014); 2016 Central Italy (Scognamiglio et al., 2018). The Rose 
Canyon fault is a low slip rate, complex fault system, that represents a structural boundary 
across a wide strike-slip plate boundary. These characteristics make it an excellent fault system 
to approach these fundamental questions. The following chapters resolve some of the 
remaining uncertainties on the Rose Canyon fault zone in the context of improving seismic 
hazard assessment and understanding fault processes. 
 
4 
 Chapter 2 is focused on the Holocene earthquake history of the Rose Canyon fault. New 
results are presented from recently opened paleoseismic trenches across the main trace of the 
Rose Canyon fault in Old Town San Diego. The stratigraphy exposed in the trench walls 
provides evidence for six surface-rupturing earthquakes in the past ~3,300 years, and a late-
Holocene recurrence interval of ~700-800 years. Combining these new results with previous 
paleoseismic studies in San Diego suggests a quasi-periodic behavior for the Rose Canyon 
fault, in contrast to a possible cluster-mode behavior suggested by the prior incomplete 
paleoseismic history. The new earthquake dates are then compared with other published 
paleoseismic histories along the entire Newport-Inglewood-Rose Canyon fault system, and a 
potential sequence of northward-cascading earthquakes is interpreted. 
 In Chapter 3, a combined campaign and continuous GPS network is used to resolve an 
upper bound for the slip rate across the Rose Canyon fault. Surface velocities from the GPS 
network are used to constrain elastic half-space models of the San Diego region. The best-
fitting model indicates a rate of ~2.4 mm/yr, which is towards the higher end of geologic 
estimates. GPS surface velocities relative to a station centered on the Rose Canyon fault point 
to a more easterly southern extension of the fault zone, and may be evidence for a southern 
connection between the Rose Canyon fault and the San Miguel-Vallecitos fault. 
 The material presented in Chapter 4 examines the southern continuation of the Rose 
Canyon fault. South of downtown San Diego, the fault splays out into a complex network of 
faults that together accommodate the subsidence seen in San Diego Bay. A pull-apart basin 
between the Rose Canyon fault and the offshore Descanso fault is typically invoked to explain 
the fault orientations and subsidence of the Bay (Legg, 1991; Rockwell, 2010). However, 
several northwesterly oriented faults in the southern portion of San Diego Bay, as well as the 
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associated La Nacion fault zone, do not fit this model. Using a combination of reprocessed 
legacy multi-channel seismic data, high-resolution chirp surveys, and borehole/core lithology, 
the subsurface fault architecture and stratigraphic character beneath San Diego Bay are 
examined. Several sub-parallel and potentially linked fault structures, along with localized 
depositional basins, are observed in the combined datasets, and are consistent with models of 
pull-apart basins. To explain the different orientation of fault groups observed in San Diego 
Bay, a conceptual model is developed to provide a structural framework for the San Diego Bay 
pull-apart basin. 
In summary, this thesis presents a more complete understanding of the characteristics of 
the Rose Canyon fault through San Diego, California. The material presented in the following 
chapters provides not only key parameters required for a more accurate seismic hazard 
assessment of the San Diego-Tijuana metropolitan area but also constraints on how strain may 
be distributed throughout the ICB.  
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Figure 1.1. Active faults of southern California with their corresponding slip rates. Shaded box 
in inset shows location in California. The trace of the Newport-Inglewood-Rose Canyon fault 
system is bolded, and marks the eastern boundary of the ICB. Circles are locations of urban 
centers: BH=Beverly Hills, NB=Newport Beach, Cr=Carlsbad, and SD=San Diego. SAFZ=San 
Andreas fault zone, IF=Imperial fault, SJFZ=San Jacinto fault zone, EF=Elsinore fault zone, 
CPF=Cerro Prieto fault, LSF=Laguna Salada fault zone, SMFZ=San Miguel fault zone, 
ABFZ=Agua Blanca fault zone, DF=Descanso Fault, RCF=Rose Canyon fault zone, 
NIFZ=Newport Inglewood fault zone, PVF=Palos Verde fault zone, CBFZ=Coronado Bank 
fault zone, SDTF=San Diego Trough fault, SCFZ=San Clemente fault zone, WF=Whittier fault 
zone, SCIF=Santa Cruz Island fault, and SRIF=Santa Rosa Island fault.  
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2. Late-Holocene rupture history of the Rose Canyon fault 
in Old Town, San Diego: Implications for cascading 
earthquakes on the Newport-Inglewood-Rose Canyon fault 
system 
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2.1 Abstract 
We present new results from paleoseismic trenches excavated across the main trace of 
the Rose Canyon fault zone (RCF) in Old Town-San Diego, California to determine the timing 
of late Holocene earthquakes.  There is evidence for four large surface-rupturing events, as well 
as two smaller events, the youngest of which cuts the early historical living surface that 
contains glass, ceramics, and a historical era foundation. This youngest event is likely related to 
the 1862 San Diego earthquake, which had an estimated magnitude close to M6.  The age of 
older ruptures are constrained by 36 radiocarbon dates that exhibit good stratigraphic order.  
The four larger events produced substantially more ground deformation, and over a broader 
width of the fault zone, than the 1862 event.  The youngest of the four larger events is found 
immediately below the historical horizon and likely correlates with the most recent event 
recognized at multiple trench sites along the RCF in San Diego and dates to the mid-1700’s.  
The three older events have all occurred in the past 3,300 years, with the penultimate large 
event dated to about 1300 AD.  
The results of this paleoseismic study indicate that the RCF has sustained activity 
throughout the late Holocene and into the Historical period.  These results also suggest that the 
RCF has a late-Holocene recurrence interval of ~700 years, which is several hundred years 
shorter than previous estimates.  Comparison of RCF paleoseismic results with paleoseismic 
data from the Newport-Inglewood fault zone (NIF) indicates that some RCF earthquakes have 
similar timing with NIF events, most likely indicating the occurrence of a sequence or cluster 
of events on the coastal system of strike-slip faults.  The alternative explanation – very large 
earthquakes rupturing both faults simultaneously – is unlikely when both the slip rate and 
recurrence intervals for these faults are considered. 
	 11 
 
2.2 Introduction  
The Rose Canyon fault zone (RCF) in San Diego, California follows the broader 
northwest-striking right-lateral strike-slip motion that characterizes much of southern 
California’s seismic landscape (Figure 1) (Kennedy, 1975; Rockwell et al., 2016). The 
Newport-Inglewood fault zone (NIF) and the RCF have long been speculated of connectivity 
offshore southern California (Moore, 1972; Fischer and Mills, 1991). Recent high-resolution 
marine seismic surveying from Dana Point to La Jolla have imaged four offshore segments 
separated by three structural step-overs, none of which exceeds 2 km in width, thereby 
extending the NIF to connect with the RCF (Sahakian et al. 2017). Thus, the RCF is interpreted 
as the southern onshore expression of the larger Newport-Inglewood-Rose Canyon fault system 
(NIRC).  
The NIRC stretches southeast from its northernmost extent in the Los Angeles basin 
near Beverly Hills, trends offshore at Newport Bay to cross the continental shelf adjacent to 
southern Orange and northern San Diego counties, and terminates in San Diego Bay.  In total, 
the NIRC extends for some 170 km, and runs adjacent to many of southern California’s most 
heavily populated coastal communities. Fault systems further to the east of the NIRC, such as 
the Elsinore, San Jacinto, and San Andreas fault systems, have received more attention because 
their progressively higher slip rates and slip per event impose high seismic hazards to onshore 
infrastructure and communities. Recent research continues to demonstrate that despite a lower 
slip rate and slip per event the NIRC still represents a significant seismic hazard to much of 
coastal southern California (Rockwell, 2010a; Sahakian et al., 2017; Leeper et al., 2017).  
However knowledge gaps in the paleoseismic data for the NIRC remain, both for the offshore 
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and coastal segments beneath major metropolitan areas (e.g. along the RCF through San Diego) 
indicating the need for additional studies on the earthquake history along the NIRC, particularly 
for the RCF in San Diego.  
The primary fault traces and associated geomorphic features in the San Diego region are 
shown in Figure 2. It is thought that some portion of slip is potentially distributed to the RCF 
by the Agua Blanca fault system of northern Baja California, Mexico, of which the Descanso 
and Coronado Bank faults are associated strands (Rockwell, 2010a; Maloney, 2013) (Figure 1). 
South of San Diego, the RCF steps onshore via a releasing right-step from the Descanso fault 
(and possibly from the Coronado Bank fault), accomplished through a series of fault segments 
whose motion partially down-drops San Diego Bay (Moore and Kennedy, 1975; Rockwell, 
2010a; Maloney, 2013) (Figure 2). North of downtown San Diego, the various fault strands that 
splay across San Diego Bay have consolidated into a narrow fault zone. The fault then trends 
along the I-5 freeway corridor until it makes a restraining bend, resulting in the uplift of Mount 
Soledad, before trending offshore at La Jolla (Kennedy, 1975; Rockwell, 2010a; Rockwell and 
Murbach, 1999). Throughout its onshore trace, the RCF exhibits predominantly horizontal 
displacement except in locations where segment obliquity results in oblique motion (Lindvall 
and Rockwell, 1995). 
The RCF was first shown to be Holocene active by Rockwell et al. (1991) and 
Woodward Clyde (1985) whose paleoseismic trenches at Rose Creek and geotechnical survey 
in downtown San Diego clearly exhibited faulted stratigraphy of Holocene age. Additional 3-D 
trenching at the Rose Creek site by Lindvall and Rockwell (1995) revealed that the RCF has 
sustained at least four surface rupturing earthquakes, with possibly more, in the past 11,000 
years as well as having accumulated a minimum of 8.7 m of right-lateral displacement in less 
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than the past 8.1 ka, resulting in a minimum slip rate of ~1.1 mm/yr throughout the Holocene 
(Lindvall and Rockwell, 1995; Murbach and Rockwell, 1999). A higher slip rate of ~2 mm/yr 
was suggested by Rockwell (2010a) based on deflected stream channels that are inferred to 
incise the last interglacial marine terrace deposits in Old Town and north of the San Diego 
River.  Of the earthquakes previously documented for the RCF, three events and possibly as 
many as five, appear to be clustered in time from ~9.3 ka to ~5.3 ka, after which a period of 
quiescence of about ~5 ka was inferred, based on a moderately developed soil that overlies 
several of the early Holocene fault strands at the Rose Creek site (Rockwell, 2010a; Lindvall 
and Rockwell, 1995). This “quiet period” was apparently followed by a return to activity with 
an earthquake displacing the modern topsoil A horizon at Rose Creek, indicating an event date 
sometime in the past ~400 years (Lindvall and Rockwell, 1995; Rockwell, 2010a). These 
observations, combined with those from a paleoseismic site in La Jolla and geotechnical 
surveys in downtown San Diego, support the occurrence of at least one surface rupturing 
earthquake along this strand of the RCF in the last ~400 years (Rugg et al., 2013; Rockwell and 
Murbach, 1999; Lindvall and Rockwell, 1995).  
 However, there was uncertainty as to whether the trenches excavated at the Rose Creek 
site captured the complete seismic history of the RCF because deposition ceased at the site 
more than 7 ka and there is more than one mapped strand through that area (Lindvall and 
Rockwell, 1995; Rockwell, 2010a; Rugg et al., 2013). Of particular interest is the apparent 
absence of any notable earthquakes being documented on the RCF from ~5.3 ka until the most 
recent event that occurred prior to the establishment of the San Diego Mission and Presidio by 
the Spanish in 1769 AD.  The occurrence of surface rupturing earthquakes on the RCF during 
the mid-to late-Holocene has important implications for the seismic hazard of San Diego and 
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nearby coastal regions, as well as the evolving understanding of southern California’s coastal 
fault systems.  Therefore, a paleoseismic investigation to resolve the discrepancy in earthquake 
occurrence during the mid- to late-Holocene was warranted.  This paper presents results on the 
earthquake activity of the RCF from two paleoseismic trenches at Old Town in San Diego, 
California.  We present evidence for six earthquake surface ruptures along this segment of the 
RCF in the past ~3,300 years, and discuss the impact these new findings have on estimates of 
the recurrence interval for earthquakes along the RCF. Furthermore, we discuss possible 
patterns in the temporal and spatial distribution of reported paleo-earthquakes along southern 
California’s NIRC fault system, and the possible implications that this pattern may have on 
future seismicity of the Los Angeles Basin.  
 
2.3 Methods 
2.3.1 Site Selection  
Paleoseismic investigations in urban areas are typically very limited due to removal of 
stratigraphic evidence by mechanical grading and inaccessibility due to modern infrastructure. 
Analysis of historical aerial photography of San Diego from 1927 AD identified Old Town’s 
Presidio Hills Golf Course site as an area that has sustained minimal anthropogenic 
modification, has a high probability of a Holocene sedimentation record, and contained 
geomorphic indicators of active faulting (Figure 3). In addition, it is inferred that the distributed 
faulting that is present across San Diego Bay (Kennedy and Welday, 1980; Kennedy and 
Clarke 1999) has largely coalesced into a sufficiently narrow zone of faulting just south of Old 
Town (Rockwell, 2010a) such that a paleoseismic site in Old Town should capture most or all 
Holocene ruptures.  
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2.3.2 Trench Investigation 
In order to minimize the impact of excavations, two trenches were opened along the 
boundaries of the Presidio Hills Golf Course. Trench one (T1) was located along the northern 
boundary of the course, while the second trench (T2) was located along the southern boundary 
at a slightly higher topographic position in the landscape (Figure 3).  
The trenches were excavated by a backhoe and stabilized with hydraulic trench shores. 
T1 was excavated first from northeast to southwest, but contact with a Spanish Colonial era 
wall foundation at the western-most portion of the trench abruptly halted further excavations by 
mechanical equipment before the main fault trace could be encountered. The trench did expose 
a secondary strand of the fault, and the trench was deepened by hand across this fault (Figure 
4). It is also possible that a trace of the fault exists east of T1.   
A trench-wall grid of half-meter by half-meter spacing was emplaced for a reference 
frame. Etching of some contacts and fault strands was done because of the poor light conditions 
for photography, as well as the generally similar color of the stratigraphic units. Two trench 
mosaics were constructed of the south wall, one photographed under natural light and a second 
with a halogen light source, as the trenching was done in late November when light conditions 
were poor. The northern trench face was only photographed once. 
 The photomosaics were used as the base for logging, which was conducted in the field. 
Following the logging and backfilling of the T1 excavation, a second trench, T2 was initiated 
along the southern margin of the golf course. A one-meter by half-meter grid was emplaced on 
the southern trench face for the entire length of the trench, and on the northern trench face 
across the main fault zone, both of which were photographed to construct a mosaic for logging. 
The weakly to massively bedded silt stratigraphy at this location required significant hand 
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etching of all contacts and faulted surfaces so that they would be easily identifiable on the 
photo-mosaics of the trench faces, as the stratigraphy was generally the same color and dark, 
and light conditions in December and January were generally poor.  
2.3.3 Radiocarbon Dating 
Detrital charcoal was collected for radiocarbon dating, and sample locations on trench 
walls were flagged, logged, and photographed.  In the lab, samples were washed with deionized 
water, separated from sediments, dried, weighed, and inspected under a microscope.  Sample 
analysis by Accelerated Mass Spectrometry (AMS) was done at the University of California 
Irvine’s Keck Carbon Cycle Laboratory.  The radiocarbon dates were then entered into OxCal 
v4.3.2 and calibrated with the Intcal13 radiocarbon calibration curve (Bronk Ramsey, 2009; 
Reimer et al., 2013) to construct a time versus depth profile of sedimentary units, which would 
be used to constrain the ages of interpreted paleoearthquakes. 
 
2.4 Stratigraphy 
The stratigraphy observed in both trenches is consistent with a predominantly fluvial 
flood plain environment of the nearby San Diego River (Figure 3), with some additional 
alluvial fan deposits in trench T2 from a nearby small canyon.  The separation in trench 
locations results in a slightly different stratigraphic expression in the trenches, as trench T1 is 
topographically lower and closer to the river.  Common to both trenches are packages of fine- 
to coarse-grained light-colored sand, massive bedded sandy-silt sections, and several buried 
soil A horizons which we use to help correlate stratigraphy between the two trenches.   
2.4.1 Trench 1 
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The natural stratigraphy seen in the trench exposures of T1 consisted of stratified sand, 
sandy-silt, and clayey-silt deposits; the observed finer sediment packages are interpreted as 
primarily the result of overbank sedimentation likely the result of T1’s lower position in 
elevation on the San Diego River flood plain, discussed in more detail below. Above the 
natural deposits lie approximately 1.5 meters of mechanical fill apparently emplaced during the 
grading and construction of the golf course as the historical imagery shows natural depositional 
surfaces four years prior to construction of the golf course (Figures 3 and 4).  
The upper mechanical fill section is divided into three subsections. Unit 1, the top most 
30 cm, is an organically-enriched, dark sandy-silt containing abundant shell fragments and 
scattered brick fragments; an abrupt lower contact is also observed. The organic enrichment, 
dark coloration, and abrupt lower contact suggests that unit 1 represents a reworked A horizon 
with intermixed Native American midden deposits, which are locally present in the Old Town 
area. Below unit 1, unit 2a is a 1 m-thick dense, reddish brown layer of cobbles with clay films 
and an abrupt upper and lower contact. Based on similarity in grain size, composition, and local 
availability we interpret unit 2a to likely be derived from either the San Diego or Linda Vista 
Formations.  The clay films are interpreted to be inherited from the soil developed in the source 
deposit. Scattered among the cobbles are brick fragments demonstrating its’ artificial fill origin. 
The base sequence of unit 2, unit 2b, is composed of dark, fine-grained sandy-silt and clay that 
is organic rich and dense, suggesting some component of mechanical compaction. A partial ear 
of an earthenware urn handle (or a similar cooking artifact) was recovered from within this 
stratum, indicating a historical age. Unit 2b also contained localized clusters of angular blocks 
of B horizon material (oxidized, clay-enriched) and the upper portion buries a Spanish or 
Mexican era foundation structure. The dark coloration, organic component, and inclusion of 
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anthropogenic artifacts suggests that unit 2b is the result of locally, redistributed topsoil mixed 
during grading of the golf course; whereas based on the abrupt upper and lower contacts, 
together with the distinctive composition the upper unit 2a was likely brought in from an 
outside source to raise this area of the golf course up to a desired grade level. Hence, we use 
unit 2b as an historical living surface to correlate to the stratigraphy in trench T2 in later 
discussions. 
Unit 3 and 4 comprise natural strata of T1 and are exposed for the length of the trench, 
however unit 4 is mostly exposed in the hand-excavated portion of the trench, which was 
excavated down below the original base of T1. Unit 3a is composed of light brown, clean (well-
sorted) sand, about 30 cm thick, and is interpreted as the result of overbank sedimentation from 
the adjacent San Diego River. The top of unit 3a lacks a developed A horizon and is seen to 
pond against or bury the Spanish era wall foundation, although it is likely, based on 
stratigraphic order and composition, that unit 2b is the disturbed A horizon for this stratum. 
Together these observations suggest a very young historical age for unit 3a. 
Unit 3b is characterized by stiff, dark brown sandy silt with minor clay, and is 
interpreted to be of alluvial origin. The top of unit 3b is likely a buried A horizon, which 
represents the early historical living surface prior to flooding and deposition of unit 3a. (Note, 
both the buried A horizon at the top of unit 3b and the redistributed A horizon of 2b may 
represent historical living surfaces, with historical sedimentation at trench T1 separating the 
two. Trench T2, as discussed below, exposed only a single historical living surface, which 
collectively correlates to these two.) Unit 3c is a 1.3 m thick section of sand, which based on 
the presence of several buried weakly-formed A horizons, likely represents multiple flooding 
events. Unit 3c is further subdivided based on the best developed A horizon. The lower unit 3c 
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is composed of clean, well-stratified cross-bedded sand with sparse krotovina (filled burrows), 
while the upper part of unit 3c is massive, organic-rich, dark brown, silty-sand with many 
krotovina and has at least one, but possibly two, buried A horizons. Together these two 
subunits are interpreted to represent at least two flooding events, with a depositional hiatus 
when the soil A horizons formed. The Spanish era wall foundation footing appears to have been 
excavated into units 3b and 3c suggesting that unit 3b was the historical ground surface at that 
time. Unit 3a is therefore best interpreted as a historical flood deposit capped by another A 
horizon. 
Unit 4 is subdivided into four subunits based on stratigraphic and structural factors, and 
is the stratum that contains all evidence for faulting in T1. Generally, unit 4 is a sequence of 
stratified silty-clay, clayey-silt, sandy-silt, and muddy-sand with abundant krotovina that is 
interpreted as a result of overbank sedimentation on the San Diego River floodplain. When not 
obscured by bioturbation, individual strata can be traced for several meters. The stratigraphy is 
relatively better preserved on the south face of the trench, especially near the faulted surfaces; 
on the north face the stratigraphy is more massive making interpretations more difficult.  
2.4.2 Trench 2 
The stratigraphy exposed in T2 can be divided into three distinct sections: 1) well-
bedded, oxidized gravelly sand strata loaded with historical debris interpreted as post-1850 
alluvial fan and fluvial deposits (units 30-85); 2) bedded to massive clayey and sandy silt 
deposits with some gravelly sand or sandy gravel deposits interpreted to be Holocene alluvial 
fan and fluvial deposits (units 95-300); and 3) an older silty and sandy gravel deposit with a 
well-developed clay-enriched soil interpreted to be Pleistocene alluvial deposits (Figures 5 and 
6). Each is discussed in more detail below, starting with the uppermost unit.  
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2.4.2.1 Historical alluvial and fluvial deposits 
The topmost 1-1.5 m of T2 exposed predominantly coarse- to medium- to fine-grained 
oxidized sandy strata. Units 30-60 (Figure 5a and 6) are composed of sub-rounded, poorly 
sorted, coarse- to fine-grained, yellow to light-brown sand with intermixed clusters of rounded 
to well-rounded, poorly-sorted pebble and cobble clasts with scattered boulders. Abundant 
historical artifacts such as brick, tile, glass, pottery, and bone were found in-situ within units 
30-60. Units 70-95 (Figure 5a and 6) are composed of coarse- to fine-grained, light brown to 
reddish-brown sand with localized cross bedding, and clusters of pebble-sized clasts 
concentrated at the thalwegs of small lenses interpreted to be channels. Scattered fragments of 
historical artifacts, such as brick and iron bars, were observed in units 70-95 (Figure 7b). 
Together these units appear to make up several small alluvial channels that have locally eroded 
into the underlying strata, unit 100 (Figure 7a,b). We interpret these units to represent 
deposition from the alluvial drainage immediately to the south, and onto the alluvial fan seen in 
historical imagery (Figure 3). 
Unit 100, at the base of the historical deposits, is a 10-15 cm thick, stiff, brown, fine-
grained silty sand interpreted as a buried A horizon that has been heavily bioturbated, and has 
been faulted by the main fault strand as well as several auxiliary strands (Figure 5a and 6). The 
uppermost section of unit 100 hosted rare bone and glass fragments, as well as evidence for 
burn pits filled with cow bone excavated into the stratum. Based on the clean contact with the 
overlying historical alluvial sands, except where the largest alluvial drainages have eroded into 
and below unit 100, as well as the inclusion of anthropogenic artifacts, we interpret unit 100 to 
represent the living surface at the time of Old Town’s founding sometime after 1769 AD. This 
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surface and A horizon likely correlate to either or both unit 2b (redistributed A horizon) and the 
A horizon that caps unit 3b in trench T1, discussed in more detail below. 
2.4.2.2 Holocene alluvial and fluvial deposits 
A section of Holocene-aged deposits lie directly below an erosional to depositional 
contact (depending on the locations of interpreted small drainages) at the base of the historical-
aged sand and gravel. The Holocene section, the age of which is based on numerous 
radiocarbon dates as discussed below, consists of massively bedded brown to dark-brown, 
sandy-silt units bedded with several deposits composed of well-rounded, poorly-sorted, pebble- 
to cobble-sized clasts supported by a coarse-grained sand matrix and interpreted to be alluvial 
channel deposits. Several buried A horizons, identified based on dark coloration, abrupt upper 
contact, and increased krotovina, can be recognized in this section, implying periods of non-
deposition and surface stability. The relatively massive nature of sections separating the buried 
A horizons is apparently due to bioturbation associated with the periods of non-deposition, as 
several distinct, thinly bedded silt strata are locally obscured by krotovina, and other parts of 
the section display clearly identifiable krotovina.  
The Holocene units are capped by the bottom portion of unit 100 and unit 105, below 
which is a 0.5 m thick sequence of brown to dark brown, sandy silt strata, units 110 and 115. 
Below these units is a gravelly deposit, unit 120, composed of pebble to gravel clasts supported 
by a light-brown, fine-grained sandy-silt matrix. Unit 120 is clearly expressed in the 
westernmost portion of the trench as a laterally continuous unit, which progressively thins 
eastward towards the fault zone. Based on the increase in grain size, lateral variation, and 
proximity of T2 to alluvial drainages, unit 120 is interpreted to be a channel deposit that likely 
flowed at an oblique angle to the trench. 
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Unit 130 is a dark brown, fine-grained sandy silt stratum interpreted as a buried A 
horizon. Unit 130 can be traced for the length of the trench through the faulted section (except 
where obscured by krotovina), and exhibits a small northeast up component of vertical 
separation across the fault. Below unit 130 and within another sequence of massively bedded, 
brown sandy silt sediments (units 140-160) is a relatively well-expressed package of thinly 
bedded strata mapped as unit 150, which is composed of several yellow to light-brown sand 
and silt layers (stringers) that are preserved sporadically for the length of the fault study area 
(the length of which corresponds to the logged sections represented in Figures 5a and 6). Unit 
200, based on its darkened color, is interpreted as another buried A horizon that caps a lower 
sequence of sandy-silt beds, units 205-220, and was again identified by the dark coloration, 
porosity, its massive, fine grained texture, and by its abrupt upper contact. 
 Units 225 through 290 were exposed in the deepest portion of the trench, ~1.5 m 
directly below the deepest portion of the historical alluvial channel, and are composed of 
poorly-sorted, rounded clasts, pebble to cobble in size, with intermixed fine-grained sandy-silt 
strata.  Finally, unit 300 lies at the base of the trench and is interpreted as a possible fourth 
weakly developed buried A horizon. It crops out at the western and eastern edges of the area of 
detailed fault zone study, but has been removed towards the center likely by erosion of younger 
alluvial channels of unit 225-290 (Figures 5a and 6).  
We interpret the entire section of massively bedded, sandy-silt units, units 100-300, to 
represent deposition by overbank sedimentation from the San Diego River or from the nearby 
small drainage immediately to the south of T2 (Figure 3). The intermixed strata that support 
large clasts, such as units 120 and 225-290, are interpreted to be the result of alluvial channel 
deposition from the small drainage because they trend towards the San Diego River, parallel to 
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the trend of the small drainage and slope of the alluvial fan, as observed in early photography. 
In contrast, the well-defined silty strata of unit 150 are likely to be the result of San Diego 
River overbank deposition as they are sub-horizontal where not disrupted by faulting and 
laterally continuous where not disrupted by bioturbation. 
2.4.2.3 Pleistocene deposits 
 East of the fault-zone, the Holocene deposits erode into and buttress against the older, 
Pleistocene deposits (Figure 5b). The older deposits exposed towards the eastern half of the 
trench are interpreted to be Pleistocene in age because they express a reddish argillic (Bt) 
horizon developed into the upper section of the soil profile and contain a secondary calcium 
carbonate (Bk horizon) in the lower section, below the argillic horizon. These deposits likely 
date to the last interglacial period (MIS 5), as post-MIS 5 climate in coastal southern California 
is known to have been wetter and cooler than present (Heusser, 1978), and no late Pleistocene 
San Diego area soils that post-date MIS 5 contain secondary carbonate. Because the fault does 
not cut these deposits, they are not described further. 
 
2.5 Age Dating of Units 
Sediment ages were determined through radiocarbon analysis of detrital charcoal 
collected in situ (Table 1, Figure 8). Age determination of sediments using detrital charcoal is 
limited in temporal accuracy by the effects of carbon inheritance during growth, death, initial 
burn, and subsequent transport to the depositional location. This inheritance can be 
compensated for, to a degree, by the collection and analysis of a large number of samples so 
that suspected inheritance of one sample can be identified by comparing its age to that of 
neighboring samples. However, age estimates determined using detrital charcoal will inevitably 
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have some amount of inheritance associated with them and will thus be at least slightly older 
than the actual age of the sediment from which they are collected.   
2.5.1 T1 
 In T1, the detrital charcoal samples that were dated came primarily from the hand-
excavated section. Beginning towards the top of the natural section, sample #19 was collected 
from unit 3a and yielded a calibrated date range of 267-291 years before present (yrs BP), but 
construction of the Derby Dike (to protect Old Town from flooding) limits the likely upper age 
bound to 1853-1867 (Abbott, 1991). No radiocarbon samples were dated from unit 3b, but 
below in unit 3c three samples (#27, #45, #29) returned a calibrated date range of 957-1174 yrs 
BP. Approximately 4 cm above the base of unit 4a, sample #8 was dated to 1326-1407 yrs BP. 
Below unit 4a, sample #12 was collected ~4 cm above the contact between units 4c and 4b and 
was dated to 1377-1519 yrs BP. Two samples were collected from unit 4c, #13 and #35, 
returning a calibrated date range of 1566-1855 yrs BP.  Lastly, sample #5 was collected ~7 cm 
from the base of the trench T1, well within unit 4d, and yielded a calibrated date range of 2215-
2346 yrs BP. These dates were run through OxCal (Bronk Ramsey, 2009), resulting in the age 
model presented in Figure 8. 
2.5.2 T2 
The abundance of historical artifacts found in units 30-90 suggests a historical age 
decades after first settlement of the Old Mission in 1769 AD. Additionally, the inclusion of 
scattered fragments of pottery, bone, and brick within the top 1-3 cm of unit 100 suggest that 
the uppermost portion of this horizon represents the living surface at the time of Old Town’s 
founding and very early settlement. Therefore, we interpret an approximate age of circa ~1800 
AD and younger for those units which make up the coarser grained alluvial sands.  
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From the Holocene age deposits a total of 34 detrital charcoal samples were dated from 
T2, collected from both the north and south faces (Table 1). Samples that were collected from 
units 100-110 returned an age range of 65-455 yrs BP. Above unit 120, sample C19S was 
collected from unit 115 and was dated to 796-925 yrs BP. Sample C38S was collected within 
unit 120 and yielded a calibrated age of 1065-1173 yrs BP. Below unit 120 and at the contact 
between unit 130 and the overlying unit 125, two samples returned an age range between 1187-
1377 yrs BP, while samples C71N and C70N returned a date range of 1345-1405 yrs BP for 
unit 130. Three samples were collected and dated from unit 140, resulting in a date range of 
1396-1616 yrs BP. Above unit 200, three samples were collected from unit 160, which yielded 
a radiocarbon date range of 1823-2093 yrs BP. 
From unit 200 two samples resulted in calibrated ages of 2000-2298 yrs BP.  Samples 
collected throughout units 210 to 225 yielded a calibrated date range of 2341-2923 yrs BP. 
Finally, at the base of T2 located approximately 2-3 cm below the top of unit 300 sample C65N 
returned a calibrated age of 2974-3216 yrs BP, in good agreement with neighboring samples. 
As discussed previously, sediments exposed in the eastern portion of the T2 likely date to the 
Pleistocene based on the presence of the well-developed soil capping the alluvium and no 
further dating was attempted for this unit. 
 Both trenches returned radiocarbon samples that exhibited excellent stratigraphic 
temporal consistency, with calculated ages generally becoming younger from the base of the 
trench to the top (Figure 8). Seven radiocarbon samples showed evidence for some amount of 
inheritance and were excluded from the age model (Table 1).   
 
2.6 Interpretation and Correlation of Stratigraphic units in T1 and T2 
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 Overall, we interpreted the stratigraphy seen in each of the trenches to be the result of 
their relative position on the San Diego River flood plain.  T2’s location higher in elevation on 
the San Diego River flood plain allowed for the intermixing of overbank sediments, auxiliary 
fluvial channels, and outflow of alluvial drainages to occur. In contrast T1 is located lower and 
closer to the San Diego River in a position to experience a higher frequency of flooding. The 
presence of buried soils indicates periods of non-deposition and surface stability, and 
combining the presence of these soils with the general characteristics of each section and close 
relative spacing of the two trenches allows for an initial correlation of units, which can then be 
confirmed by radiocarbon dates to strengthen the stratigraphic correlations.  
For instance, the “living surface” atop unit 100 in T2 most likely correlates with the pair 
of buried top soils in T1, represented by units 2b and 3b.  We base this correlation of the 
observation that the unit 2b strata in T1 buries the early Spanish or Mexican era wall 
foundation and floor, and therefore must be historical in age, and again as T1 is lower and 
closer to the San Diego River, it makes sense that the T1 site would sustain more frequent 
flooding, resulting in an extra depositional unit that is not observed in T2. Additionally, based 
on the interpretation of unit 2b as redistributed or reworked natural topsoil capping unit 3a, the 
observed floor of the Spanish or Mexican Colonial Era structure at a similar stratigraphic level 
as the lowest portion of unit 3a (with the upper portion ponding against the foundation), and the 
base of the foundation excavated into unit 3b, we are confident in the interpretation that the 
upper two sections of unit 3 (3a and 3b) and unit 2b were the historical living surfaces at the 
time of first historical occupation of Old Town and in the decades thereafter.  
A single radiocarbon date from unit 3a in T1 confirms a young age of 1660-1950 AD. 
The presence of glass, iron bar, and bone found in the upper most portion of units 100-110 in 
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T2, as well as radiocarbon dates indicating an age of 1500-1892 AD, suggests that these units 
also represent the historical living surface and shallow (~15 cm) subsurface during the earliest 
periods of occupation. We therefore confirm the interpretation that units 2b, 3a, and 3b in T1 
are time synchronous with units 100-110 in T2.  
Similarly to units 3a and 3b, unit 3c appears to be a major flood deposit associated with 
flooding of the San Diego River, and as unit 3 contains at least one weakly-formed buried A 
horizon, it must represent more than one flood event separated by some time, probably years, in 
order to form a weak soil. Based on stratigraphic order and similarities we correlate the silty-
sand of unit 115 in T2 with the upper portion of unit 3c in T1, which is also represented by a 
massive section of silty-sand. We interpret the clean cross-bedded sands of unit 3c in T1 to 
represent higher flow during overbank sedimentation, perhaps as a consequence of a more 
southerly course of the San Diego River through Old Town.  This period of higher flow 
deposition in T1 is expressed in T2 as the gravelly deposit of unit 120 which likely represents 
aggradation of the drainage to the south of T2.  Thus, the similarity in stratigraphy, mostly 
alluvial sand and gravel, interpreted to represent high flow, suggests that the lower portion of 
unit 3c in T1, correlates to unit 120 in T2, which is confirmed by the close agreement of 
radiocarbon ages.  
In T1, marine shells of almost certain Native American origin were found laying on top 
of unit 4, indicating that the top of unit 4 was a ground surface for at least a short period of 
time, although there is only very weak soil development based on darkening of the top of unit 
4a. Considering that these strata are thinly bedded in T1 and although locally bioturbated, they 
retain the finely bedded characteristics of repeated overbank sedimentation, and so likely 
represent an environment that was too wet for occupation by burrowing animals most of the 
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time. In contrast, correlative stratigraphy in T2 are higher on the flood plain and may exhibit 
more A horizon soil development because of lower frequency of flooding reaching to the 
topographic level of T2.  
Therefore, for the following correlations we lean more heavily on the close agreement 
of radiocarbon dates to assist in correlating these more massively bedded silty sand strata. We 
interpret the bedded, gray silty clay and clayey silts of unit 4a in T1 that exhibit some A 
horizon development to correlate with the buried A horizon of unit 130 in T2, which likely 
formed during a period of non-deposition at T2 and reduced overbank sedimentation at T1. 
This correlation is confirmed by several detrital charcoal samples collected from unit 4a in T1 
and unit 130 in T2 which yield very similar dates of 544-624 AD and 574-763 AD, 
respectively.   
Similarly, the heavily bioturbated silty sand of unit 140 in T2 is correlated with the 
bedded brown clayey silts of unit 4b in T1, both of these units contained agreeable radiocarbon 
date ranges of 344-535 AD and 432-573 AD, and are therefore interpreted to represent the 
same depositional time period. Unit 4c in T1 is composed of a sequence of silty clays and 
clayey silt with a few distinct brownish clay stringers that can be traced laterally throughout the 
fault zone; this stratigraphy is similar to the distinctive silty-sand stringers of unit 150 in T2. 
Therefore, we interpret the finer grained clay stringers in T1 to be correlated with coarser 
grained silty-sand deposits in T2.  Lastly, we correlate the massive to weakly bedded muddy 
fine sands of unit 4d at the base of T1 with massive silty sands of unit 210-220 in T2, which is 
confirmed by the agreement of radiocarbon dates, which yielded date ranges of 397-266 BC 
and 389-235 BC, respectively.  
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By correlating the stratigraphy in the two trenches in this manner, the independent 
evidence of paleoearthquakes preserved in the separate trenches can be combined. This 
increased the overall strength of interpretations by supplementing the full width of the fault 
zone investigation of T2 with the high stratigraphic resolution of T1 on a secondary splay fault. 
Additionally, comparing the results from the two trenches acts as a check in our interpretations; 
events seen in trench T1 can be checked against the timing of independently interpreted events 
in T2. 
 
2.7 Evidence of Earthquakes 
From the trench exposures in T1 and T2, there is evidence for six surface ruptures in the 
past ~3,300 years at Old Town, although they do not appear to have all been the same size. In 
T1, the exposed part of the fault zone, which constituted a secondary fault strand only, is 
confined to a couple meter wide zone, but the finer stratigraphic resolution facilitated the 
identification of two events that are closely spaced in time. In T2, where the entire width of the 
fault zone could be investigated, the fault zone is broader with faulted stratigraphy seen across 
a ten-meter wide zone. Dates for paleoearthquakes were determined using the radiocarbon 
calibration program OxCal v 4.3.2, which employs a Basyian statistical framework on 
calibrated radiocarbon ages of the confining sediments to estimate probability density functions 
of the interpreted event horizons (Bronk Ramsey, 2009; Reimer et al., 2013) (Figures 7 and 9a).  
Evidence for the youngest event captured in the trench exposures is event E0, which 
appears as a thin fissure or crack filled with historical-aged sand into the underlying unit 95, as 
exposed on the north face of T2 (Figure 7a).  We named this event E0 as it is unknown whether 
this fracture is the result of fault creep, settlement, or some other mechanism; a non-tectonic 
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cause is plausible. The stratigraphic position of the infilling sediment, 20-25 cm above unit 
100, suggests an age for this event that is substantially younger than 1769 AD, and likely well 
after 1850 AD by which time Old Town was firmly established. Although the historical 
sediments are fissured, there is no recognizable offset or mismatch of stratigraphy indicating 
only very minor motion, if any. Due to the uncertainty in the cause of E0, it was not included in 
the age model. 
Event E1 is expressed as fissure infilling and small scale folding of historical-aged 
alluvial sands on the south face of T2 (Figure 7b) as well as a small (2-4 cm) displacement of a 
clayey-silt unit directly above unit 100, the top of which is the early historical living surface, 
and fissure infilling on the north face of T2 (Figure 7a). The evidence for event E1 is 
concentrated in an area directly above the main fault strand.  The faulting of sediments 
containing abundant anthropogenic artifacts indicate a historical age (post-1769 AD), and as it 
displaces the living surface (top of unit 100) which probably saw occupation for some period of 
time, this event is probably at least several decades younger than the San Diego Mission and 
Presidio and likely dates to the Rancho Period (1834-1849 AD) or younger. 
Evidence for event E2 is expressed over an approximately 9-m-wide fault zone with 
stratigraphy generally observed to be faulted up into or through unit 100 and being capped by 
the alluvial sands of historical age. On the south face of T2 and directly beneath the deepest 
small alluvial channel incisions, event E2 is seen as fissure infilling of lighter-colored coarser 
sediments than the surrounding units. These infilling sediments are derived from the deepest 
alluvial channels that have eroded into, and well below unit 100 and so lay at a deeper 
stratigraphic level then the historical sandy strata, which were likely deposited by the historical 
alluvial fan system seen in historical imagery (Figure 3 and 5a). In sections of the trench away 
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from the small deep alluvial channels, event E2 is seen as upward-terminating fault strands 
capped by the upper few centimeters of unit 100, as well as tilted alluvial channel deposits 
(Figure 5a and 7b).  The north face of T2 has similar evidence for event E2 with fissure 
infilling of overlying lighter-colored sediments, again directly below the same deepest, small 
alluvial channel, and upward terminating fault strands capped by unit 100 or the historical age 
alluvial sands (Figure 6 and 7a). Radiocarbon analyses and historical records of seismicity 
place the occurrence of event E2 between 1708 and 1769 AD, using the timing of Mission 
establishment as a prior, yielding a mean date of ~1744 AD. 
Event E3 is well expressed in T2 and is seen on both trench faces as upward-
terminating fault strands, capped by unit 105-110 (Figures 5a, 6, and 7a), as well as fissure 
infilling to a similar stratigraphic level. The timing of event E3 is the least well-constrained 
event date of our study, due to the lack of reliable radiocarbon dates at this stratigraphic 
horizon.  As a result, the age of event E3 is best constrained by age of unit 110 above and unit 
115 below with a best estimate date range of 1077-1588 AD.   
Event E4 is clearly identifiable only in T1 due to the more detailed stratigraphic 
resolution of T1 when compared to the more massively bedded stratigraphy of T2 for this time 
period.  Event E4 is seen as a single fault strand that offsets the unit 4b/4a contact by about 5 
cm, and terminates at the top of unit 4a and is capped by the unfaulted, clean cross-bedded 
sands of unit 3c (Figure 4). Thus, the age of unit 3c provides an upper bound for event E4, 
while unit 4a provides a lower. This results in a date range of 675-835 AD. It should be noted 
that evidence for event E4 is likely present in T2, but has been amalgamated with event E5 
because of the poorer stratigraphic resolution of T2 sediments when compared to T1. 
	 32 
Event E5 is seen at multiple locations on both faces of T2 as well as in T1, although as 
mentioned above, some of the deformation observed in T2 may be attributable to event E4.  On 
the north and south faces of T2, event E5 is expressed as upward terminating fault strands, all 
capped by unfaulted sections of unit 130, as well as fissure infilling of overlying sediment. At 
the eastern- and western-most sections of the south face of T2, event E5 is expressed as ~25-15 
cm vertical displacement of unit 200 capped by unfaulted unit 130 (Figure 7c).  In T1 event E5 
is expressed as significant faulting and folding of units 4d through 4b, with deformation 
observed across a ~2-m-wide zone. This deformation is then planed off and capped by 
horizontally deposited strata of unit 4a (Figure 4). Event E5 is interpreted to have occurred 
sometime between 486 AD and 588 AD and appears to be a larger rupture than event E4 based 
on the associated folding and width of damage zone in T1.   
The oldest event recorded at the Old Town site is event E6 and is observed near the 
base of trench T2. On the south face, evidence for event E6 includes the tilting and deformation 
of several fine-grained units including unit 215, which are then capped by the horizontal 
deposition of unit 200 (Figure 5a). Additionally, upward terminating fault strands with ~8-12 
cm of displacement are observed and again capped by unit 200 (Figure 7c). The stratigraphy at 
the base of the northern face of T2 is more massive than the southern face and thus does not 
exhibit the same well-developed auxiliary channel features. However, away from the auxiliary 
channel deposits we still observed tilted fine-grained silt stringers as well as upward 
terminating fault strands, all capped by unit 200 (Figure 6). Event E6 is interpreted to have 
occurred sometime between 371 BC and 199 BC. The event ages and their uncertainties are 
summarized in Figure 9a. 
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2.8 Discussion 
2.8.1 Earthquake Magnitudes and Late-Holocene Recurrence Interval 
The paleoseismic trenches at Old Town show that the RCF has sustained repeated 
surface rupturing earthquakes throughout the late Holocene and into the Historical period. The 
extent of deformation associated with each individual event at Old Town can be used to 
estimate a relative magnitude of the causative earthquake.  
Event E0 is a crack with no recognizable offset. Its origin is unclear; it may represent a 
small component of creep, a small triggered slip event, or it may represent settlement in the 
fault zone due to percolating surface water, as the presence of several small rills incised into 
unit 100 and the subsequent deposition of the historical-age alluvial fan sediments clearly 
demonstrate that this area has sustained repeated flooding. In any case, we do not attempt to 
relate this to a specific historical earthquake, although intensity VII shaking was recorded in 
San Diego from the M7.2 1892 AD Laguna Salada earthquake (Agnew et al., 1979; Hough and 
Elliot, 2004; Rockwell et al., 2015) and is a candidate if the crack is a result of triggering by 
strong ground shaking. 
Event E1 displaces historical-aged sediments and the top of the unit 100 “living 
surface” and likely represents displacement from a historical earthquake, probably at least 
several decades after the arrival of the Spanish colonist in 1769 AD. From the historical records 
of seismicity there are two earthquakes with reported felt effects more intense, or equal, in San 
Diego when compared to other locations in southern California: April 12th 1852 AD, and May 
27th 1862 AD (Agnew et al., 1979). The event reported in 1852 AD has a suspect seismic 
source based on the highly localized reports of damage (on only one adobe structure) from “a 
very severe shock” with no documented damage to other near-by structures (Anderson et al., 
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1989; Agnew et al., 1979). As this event was not reported from areas to the north, we infer that 
if this was a bonafide earthquake, it likely occurred to the south. 
Thus, the most likely candidate for event E1 is the May 27th 1862 AD earthquake, 
reported as the “Day of Terror in San Diego” by the regional newspaper the Los Angeles Star 
(The Los Angeles Star, 1862; Legg and Agnew, 1979). This event, preliminarily located along 
the Spanish Bight fault in San Diego Bay or an adjacent fault offshore, is estimated at about 
M6, which is about the threshold for surface rupture and is consistent with the amount of 
observed deformation for this event. The reported felt effects of this event, although 
inconclusive by themselves, when combined with the young surface rupture observed at Old 
Town support the occurrence of an earthquake on the RCF in 1862 AD (Legg and Agnew, 
1979). 
The penultimate event seen at Old Town, event E2, has caused displacement across the 
entire fault zone up to but just below the historical living surface, and represents a much 
broader zone of faulting than seen for E1. Furthermore, E2 correlates well with the most recent 
event (MRE) reported at other paleoseismic sites in San Diego (Rockwell, 2010a).  North of 
Old Town, at Lindvall and Rockwell’s (1995) Rose Creek site, a cleanly faulted modern topsoil 
A horizon indicates an event date in the past ~400 years.  A young surface rupture for the 
northern most section of the RCF was confirmed by later work in La Jolla using material, 
partially derived from a Native American shell midden, from an infilled fissure that provided a 
more reliable date of 1650 ± 125 AD (Rockwell and Murbach, 1999).  South of Old Town, 
multiple geotechnical reports in the downtown area have documented displacement of the 
topsoil A horizon as well as calibrated radiocarbon dates between 1420 and 1769 AD for the 
most recent event (Woodward and Clyde, 1985 and 1994, as reported in Rockwell and 
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Murbach, 1999).  As discussed previously, radiocarbon dates from our Old Town trenches 
indicate that this event occurred between 1704 and 1769 AD, well within the radiocarbon 
uncertainty from other sites. Thus, with evidence for event E2 being documented for the length 
of the onshore segment of the RCF, we infer that event E2 represents a significantly larger 
earthquake than E1 that ruptured at least from La Jolla to San Diego Bay.  
Events E3, E5, and E6 all exhibit similar styles of deformation, e.g., tilted beds, 5-25 
cm vertical displacements, and deep fissure infillings over a broad ~10-m-wide zone, similar to 
that observed for event E2. Based on the similarities in deformation it is likely that events E3, 
E5, and E6 also ruptured most of, if not all of the onshore section of the RCF. Thus, based on 
the amount of deformation and width of the affected fault zone, we interpret events E2, E3, E5 
and E6 all to be the result of relatively larger magnitude earthquakes.  
The localized, small vertical displacement (~1-5 cm) associated with event E4 is similar 
to that observed for event E1 and is therefore also interpreted to be the result of a relatively 
smaller magnitude earthquake, possibly in the M6-6.4 range. Evidence that it may have been a 
little larger than the 1862 AD earthquake is inferred because it ruptured a secondary fault splay 
in T1 that did not re-rupture in 1862 AD. In contrast, the evidence for the 1862 AD earthquake 
is concentrated directly above the main fault zone in T2 with no displacement seen on 
secondary fault splays. Hence, it appears that E4 may have ruptured a slight wider area of the 
fault zone than E1 and thus the larger inferred magnitude range. 
We attribute the difference in observed earthquakes between the two trenches to two 
factors.  First, as mentioned previously, the excavation into a culturally significant structure in 
T1 possibly prevented an investigation of the main fault at that location. We believe that the 
main fault trace is likely located beneath, or slightly west of the Spanish Colonial era structure 
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and was just missed by the mechanical excavations at T1 (Figure 4).  It is possible that a minor 
trace of the fault also exists east of T1. As a result, additional strands and the primary fault that 
would have ruptured in past earthquakes were not observed. Second, the higher stratigraphic 
resolution at T1 enabled us to distinguish E4 and E5 as separate events despite the close 
separation in time of approximately 100-200 years. Except for a few select locations, this kind 
of stratigraphic resolution between closely spaced, smaller and larger magnitude events was not 
possible in trench T2 due to the more massive nature of the silty bedding. Therefore, the 
possibility exists that evidence for additional, smaller late Holocene earthquakes on the RCF 
was not recovered at Old Town.   
The six earthquakes interpreted at Old Town have important implications for the 
understanding of the seismic behavior of the RCF. The period of quiescence previously 
interpreted to have taken place from ~5.3 ka to ~500 years ago led Rockwell (2010a) to 
postulate a possible cluster mode behavior for the RCF.  However, our results demonstrate that 
the RCF has sustained activity throughout the late Holocene, and seemingly into the Historical 
Period. While there remains a several thousand-year gap in the paleoseismic record of well-
dated events, geotechnical reports from the San Diego airport suggest additional earthquakes in 
the mid-Holocene (Rugg et al., 2013). Thus, it would appear that the RCF has ruptured with 
quasi-periodic frequency for the periods over which a record has been preserved. 
Previous estimates of the recurrence interval on the RCF have a broad range of about 
3,000 to 800 years, depending on considerations of assumed quasi-periodicity, clustered 
behavior, and characteristic slip per event (Lindvall and Rockwell, 1995; Rockwell, 2010a). 
Rockwell (2010a) determined an intercluster recurrence interval of approximately 800 years for 
the early Holocene events observed at Rose Creek. Using the methods of Biasi et al. (2002), the 
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event dates recovered at Old Town suggest a similar recurrence interval for the inferred larger 
events of ~700 years during the late Holocene. With the suggested mid-Holocene seismic 
activity at the San Diego Airport, along with the close agreement between the early Holocene 
recurrence interval of Rockwell (2010a) and that of Old Town, these observations suggest that 
the Holocene recurrence interval for the RCF is closer to ~700-800 years rather than the 1,000-
1,500 years determine from the Rose Creek events alone (Lindvall and Rockwell 1995; 
Rockwell 2010a, 2010b). However, it is possible that the earthquake sequence seen at Old 
Town represents the tail end of the most recent cluster, with a shorter quiescence period 
discussed above. More accurate paleoseismic dating targeting the mid-Holocene will be 
required to sufficiently resolve this question. 
The apparently shorter recurrence interval at Old Town has important implications for 
slip per event and the average size of earthquakes when combined with slip-rate estimates of 
the RCF. A previously estimated slip per event of 3 m implies a slip rate closer to 4.0 mm/yr if 
the 700-800 year recurrence interval is applied. However, that 3 m estimate for slip in the most 
recent event was based on an offset channel at Rose Creek that may have been offset by two or 
more events, so it represents a maximum displacement. An alternative estimate is resolved by 
using the 700-800 year recurrence interval determined from the early and late Holocene record 
and applying the 1.5-2 mm/yr slip rate to arrive at an average displacement of 1.2-1.4 m for the 
larger events and less than a meter for the smaller events. This estimated average displacement 
is consistent with earthquakes in the M6.7-M7 range. 
2.8.2 Effect of Fault Structure on Earthquake Occurrence 
The location of Old Town north of the extensional structures that make up the step-over 
through San Diego Bay may help explain some features of earthquake occurrence at Old Town. 
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The structural setting of San Diego Bay and Old Town is similar to fault structures east of the 
Peninsula Ranges, where a large releasing step-over is formed by the faults of the Imperial 
Valley (Elders et al., 1972). A large number of studies have documented triggered slip on faults 
in the southern San Andreas fault system in the Imperial Valley in response to ruptures on 
nearby faults (e.g. Wei et al., 2011; Fuis, 1982). This similarity in fault structure and 
orientation may explain a mechanism for the interpretation that event E0 is potentially the 
result of either triggered slip or possibly shallow creep; however, a non-tectonic origin should 
not be ruled out.  
If E0 represents a triggered slip event, its event horizon, well within the historically-
aged sand strata but prior to construction of the golf course, suggests an event age sometime 
around the turn of the 20th century. Faults of coastal northern Baja and offshore of San Diego 
(e.g., the San Miguel-Vallecitos fault and the Agua Blanca fault system) exhibit a spatial 
distribution and orientation with respect to the RCF similar to that of the Imperial Valley, and 
so would be the most likely triggering mechanisms for event E0.  Alternatively, the February 
1892 AD earthquake on the Laguna Salada fault in northern Baja California was the last 
earthquake to have produced intensity VII damage in San Diego (Agnew et al., 1979) and is 
also a plausible triggering mechanism. Further, the area’s historical record of seismicity has 
numerous accounts of earthquakes during this time period that likely occurred on the faults of 
coastal northern Baja California, but without precise dating of the event E0 horizon we do not 
attempt to identify a causative earthquake (Agnew et al., 1979).  
For at least two occurrences at Old Town, small magnitude events inferred from 
minimal displacement on a limited number of fault strands were observed to occur shortly after 
larger magnitude events that shattered the full width of the fault zone. The event E4 horizon is 
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dated approximately 150 years after that of event E5, while event E1 appears to follow event 
E2 by about 100 years. Similar behavior has been observed on other faults in southern 
California, and has been modeled as a combination of reduced normal stress on extensional 
structures following large earthquakes as well as localized stress increase on well oriented 
faults (Stein et al., 1992; Nielsen and Knopoff, 1998). Thus, this pattern is possibly also a result 
of Old Town’s proximity to the large extensional step in the RCF across San Diego Bay, which 
may allow for the preservation of some “tension aftershocks” described by Nielsen and 
Knopoff (1998).   
Therefore it appears that the paleoseismic record at Old Town has captured at least 
twice, but possibly more given the limitations in stratigraphic resolution of T2, the occurrence 
of a relatively larger magnitude earthquake on the RCF, which is then followed by slip that is 
possibly transferred to the Old Town section of the RCF by one of the linking oblique-slip 
structures that splay across San Diego Bay. It is our interpretation that this scenario likely 
described the penultimate event E2, which is interpreted as a larger magnitude event that would 
have relieved the regional stresses in San Diego Bay allowing the initiation of earthquakes on 
nearby faults, such as the Spanish Bight fault, at a lower shear stress, resulting in rupture and 
slip related to event E1. 
2.8.3 Cascading Seismicity of the Newport-Inglewood-Rose Canyon Fault System 
With the RCF interpreted to represent the southern onshore extension of the NIRC, the 
increased activity in the late Holocene seen at Old Town has important implications for the 
seismic behavior of the longer NIRC.  It has been suggested that the close spacing, in time, of 
the most recent paleoseismic events along the Agua Blanca fault, RCF, and Newport Beach 
segment of the NIF, represents a northward cascading sequence of earthquakes (Grant and 
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Rockwell, 2002). The proposed cascade includes the MRE seen at both Rose Creek and La 
Jolla, and now Old Town with event E2 occurring sometime in the mid-1700s AD (Grant and 
Rockwell, 2002).  Recently, new work at Seal Beach has found evidence for three late 
Holocene earthquakes that are interpreted based on rapid subsidence of a fault-bounded marsh 
along the southern, onshore segment of the NIF (Leeper et al., 2017). The NIF rupture events at 
Seal Beach appear to correlate well with the events determined at Old Town (Figure 9b). 
Additionally, researchers working at other sites on the NIF and the Compton-Los Alamitos 
blind thrust (CPT-LA), which may be kinematically linked with the NIF at depth, further 
correlate with the results at Seal Beach, La Jolla, Rose Creek, and Old Town (Grant et al., 
2002; Grant et al., 1997; Leeper et al., 2017; Leon et al., 2009; Wright, 1991).  The close 
correlation in time, through multiple earthquake cycles of dated paleoearthquakes along the 
various segments of the NIRC suggests that this fault system does indeed communicate stress 
between fault segments in either very large earthquakes or a cascading sequence of 
earthquakes. The large earthquake hypothesis is problematic considering the slip rates of the 
faults involved when combined with the recurrence intervals. A 700-800 year recurrence of an 
earthquake rupturing the entire NIRC would require a much higher slip rate than is observed, as 
displacement per event would be larger based on scaling relationships (Wells and Coppersmith, 
1994; Leonard, 2010). In contrast, similar patterns of sequential ruptures have been observed 
on continental strike-slip faults around the world, including the North Anatolian fault of Turkey 
(Stein et al., 1997; Rockwell, 2011) and the Velino-Magnola fault of central Italy 
(Schlagenhauf et al., 2011).   
The apparent temporal pattern in earthquake occurrence (Figure 9b) raises important 
questions regarding the spatial extent of earthquake ruptures on the NIRC fault system. Models 
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of static Coulomb stress change on the offshore faults of the NIRC system found a ~30-40% 
likelihood for a full-length rupture of those segments (Sahakian et al., 2017). The most 
beneficial situation that would promote a through-going rupture of the offshore segments is one 
in which rupture is initiated on the Carlsbad segment, which would result in a southward-
directed rupture into San Diego (Sahakian et al., 2017). Several geomorphic indicators of 
reversed polarity effects associated with unidirectional ruptures in San Diego indicate that the 
RCF may experience unidirectional southward-directed ruptures (Ben-Zion et al., 2012; 
Sahakian et al., 2017). However, high resolution CHIRP seismic data on the offshore NIRC 
segments reveal that the subsurface depth of deformation, and therefore recency of faulting, is 
variable along strike with the most recent faulting seen at the southern and northern ends of the 
offshore segments (Maloney; 2013; Klotsko et al., 2015; Sahakian et al., 2017). While the 
possibility exists that if those offshore segments with a lack of deformation experience pure 
horizontal displacement it may be below the resolution of current seismic profiles, we speculate 
that these offshore segments have not experienced an end to end rupture during the late 
Holocene (Klotsko et al., 2015; Sahakian et al., 2017). This observation is consistent with a 
sequential rupture model rather than the “wall-to-wall” rupture inferred to be possible by 
Sahakian et al. (2017). Therefore, our preferred interpretation is one where the southern portion 
of NIRC; made up of the onshore RCF from San Diego Bay to offshore La Jolla, and possibly 
the Torrey Pines segment of Sahakian et al., (2017), rupture together in moderately large 
earthquakes.  North of the Carlsbad segment, which apparently has not ruptured to the surface 
in the past ~8,000 years and may act as a barrier to through going ruptures, the Camp Pendleton 
strands and the onshore NIF segments from at least Newport Beach to the Compton area, may 
rupture together (Sahakian et al., 2017; Klotsko et al. 2015).  
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The lack of large magnitude earthquakes in the paleoseismic record for the 
northernmost segments of the NIRC fault suggest that these segments may be closer to failure 
(Figure 9b). Indeed, the northern NIF zone has previously been identified as a possible seismic 
gap, with no known date for a last rupture (Grant and Rockwell, 2002; Byrant, 1988). 
Historical seismicity, such as the 1933 AD Mw 6.4 Long Beach earthquake and several smaller, 
deeper events beneath the oil fields north of Long Beach, confirm that these strands are active 
(Hauksson and Gross, 1991; Toppozada et al., 1989). However, it may also be the case that the 
northernmost segments of the NIRC behave in a similar fashion to the Carlsbad segment 
offshore, perhaps rupturing only in rare events.  
 
2.9 Conclusions  
The results from our paleoseismic study at Old Town show that the RCF has sustained 
seismic activity with ground rupturing earthquakes throughout the late Holocene and into the 
Historical period. The last relatively larger magnitude earthquake on the RCF at Old Town was 
apparently sometime in the mid-1700s likely just prior to the Spanish colonization of southern 
California. Additionally, the Old Town site contained evidence for a historical rupture on the 
RCF, which records of seismicity suggest is the May 27th 1862 AD earthquake. Furthermore, 
these results suggest that the RCF has a ~700-800 year recurrence interval for relatively larger 
magnitude earthquakes (M 6.7-7) that likely rupture the entire onshore portion of the RCF in 
San Diego.  This recurrence interval is several hundred years shorter than previous estimates 
and suggests a smaller slip per event as discussed above. The close correlation in time of dated 
earthquakes at paleoseismic sites along strike of the NIRC suggests that the various fault 
segments communicate stress in either very large magnitude earthquakes or a cascading 
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sequence of earthquakes. Given the low reported slip rates of the faults involved, the relatively 
short ~700-800 year recurrence interval, as well as the apparent lack of deformation on some of 
the offshore fault segments our preferred interpretation is one which favors a cascading 
sequence of earthquakes along the NIRC.  
 
2.10 Data and Resources 
 Paleoearthquakes dates presented in this paper have been taken from published works 
listed in the reference section below. Active fault traces in this paper are from the USGS Fold 
and Faults Database of the U.S. Geological Survey 
(http://earthquake.usgs.gov/hazards/qfaults/).  Some plots were made using Generic Mapping 
Tools (GMT) version 5.4.3 (Wessel et al., 2013). Coastal Relief model acquired from the 
National Geophysical Database (National Geophysical Data Center, 2003). Radiocarbon dates 
were calibrated and age model constructed by OxCal v4.3.2 with Intcal13 radiocarbon 
calibration curve (Bronk Ramsey, 2009; Reimer et al., 2013).  
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Table 2.1. List of radiocarbon samples collected at Old Town-San Diego, CA. Sample names 
with X in front were excluded from age model based on inheritance discussed in text. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rose Canyon Fault-Old Town- Trench 1 (T1) & Trench 2 (T2) 
Sample # Face (Trench) Unit 14C age (Yrs BP) ± 
C74N North (T2) 100 135 15 
C72N North (T2) 102 150 15 
C73N North (T2) 102 110 20 
C43S South (T2) 105/110 135 15 
C55N North (T2) 105/110 105 25 
C40S South (T2) 110 180 15 
C41S South (T2) 110 180 25 
19 South (T1) 3a (~110) 195 15 
C39S South (T2) 110 305 25 
C19S South (T2) 115 950 20 
C38S South (T2) 120 1190 15 
27 South (T1) 3c (~120) 1005 15 
29 South (T1) 3c (~120) 1165 15 
45 South (T1) 3c (~120) 1165 15 
C53S South (T2) 125/130 1510 25 
C34N North (T2) 125/130 1305 15 
8 South (T1) 4a (~130) 1400 70 
C70N North (T2) 130 1490 15 
C71N North (T2) 130 1505 20 
C15N North (T2) 140 1610 70 
C52S South (T2) 140 1595 20 
C37N North (T2) 140 1645 20 
12 North (T1) 4b (~140) 1510 15 
35 North (T1) 4c (~150) 1725 30 
13 North (T1) 4c (~150) 1815 15 
C17S South (T2) 160 1915 15 
C18S South (T2) 160 2085 15 
C1S South (T2) 160 2035 20 
C56S South (T2) 200/205 1995 30 
C45S South (T2) 200/205 2175 15 
C28N North (T2) 210/215 2265 20 
5 South (T1) 4d (~215/220) 2265 15 
C26S South (T2) 220 2365 20 
C59N North (T2) 220 2520 15 
C16S South (T2) 225 2760 20 
C65N North (T2) 300 2985 35 
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Table 2.1. Continued. List of radiocarbon samples collected at Old Town-San Diego, CA. 
Sample names with X in front were excluded from age model based on inheritance discussed in 
text. 
 
 
 
 
 
 
 
Figure 2.1. Active faults of southern California with their corresponding slip rates.  Shaded 
box in inset shows location in California.  The trace of the Newport-Inglewood-Rose Canyon 
fault system is bolded. Circles are location of urban centers mentioned in the text. SAFZ=San 
Andreas fault zone, IF=Imperial fault, SJFZ=San Jacinto fault zone, EF=Elsinore fault zone, 
CPF=Cerro Prieto fault, LSF=Laguna Salada fault zone, SMFZ=San Miguel fault zone, 
ABFZ=Agua Blanca fault zone, DF=Descanso Fault, RCF=Rose Canyon fault zone, 
NIFZ=Newport Inglewood fault zone, PVF=Palos Verde fault zone, CBFZ=Coronado Bank 
fault zone, SDTF=San Diego Trough fault, SCFZ=San Clemente fault zone, WF=Whittier fault 
zone, SCIF=Santa Cruz Island fault, SRIF=Santa Rosa Island fault. BH=Beverly Hills, 
NB=Newport Beach, Cr=Carlsbad, SD=San Diego. 
Rose Canyon Fault-Old Town- Trench 1 (T1) & Trench 2 (T2) 
Sample # Face (Trench) Unit 14C age (Yrs BP) ± 
X  C22S South (T2) 140 165 20 
X  C21N North (T2) 145 3940 20 
X     C8N North (T2) 150 2125 15 
X  C29N North (T2) 160/200 2475 20 
X     C3S South (T2) 200 3785 20 
X  C57N North (T2) 200 2845 15 
X   C63S South (T2) 300 4195 15 
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Figure 2.2. The Rose Canyon fault zone through San Diego with associated geomorphic 
expression. From the south, the Rose Canyon fault zone steps onshore, through San Diego Bay, 
likely as part of a 10 km stepover from the Descanso fault.  Also shown is the La Nacion fault 
zone, which accommodates minor extension across San Diego Bay (Rockwell, 2010a). 
Locations of the Rose Creek and Old Town paleoseismic sites as well as downtown San Diego 
are shown as black squares.  
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Figure 2.3. Aerial photograph from 1927 showing the trace of the Rose Canyon fault through 
the Old Town area.  The location of the future Presidio Hills Golf Course is outlined in solid 
black along with the two trench locations (T1 and T2).  The alluvial drainages and alluvial fan 
seen in the exposures of trench T2 and in the 1927 aerial photograph are also shown.  Note the 
right-lateral deflection of the drainages indicating active motion of the Rose Canyon fault 
through Old Town. The outline (dotted area) of a marine terrace topped with Linda Vista 
Formation is also mapped (modified from Rockwell 2010a). 
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Figure 2.4. Log of the south face of trench T1 with a photomosaic of the hand excavated 
section showing faulted stratigraphy.  Locations of interpreted event horizons are marked as 
stars.  Locations where detrital charcoal was sampled for radiocarbon dating are marked as 
ovals.  Stratigraphic units are marked with boxes. BGS=below ground surface. 
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Figure 2.5. 5a) A log of trench T2 south face across the fault zone.  Locations of interpreted 
event horizons are marked as stars. Locations where detrital charcoal was sampled for 
radiocarbon dating are marked as ovals.  Stratigraphic units are marked with white boxes. 
Shaded areas correspond to detailed close ups shown in Figures 7b and 7c. BGS=below ground 
surface; K=Krotovina; ff=Fissure-fill. Unannotated photomosaic of south face of T2 available 
in electronic supplement to this article, see Figure S1.  5b) Bottom figure shows log of full 
south face of T2.  Shaded area is the location of Figure 5a.  
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Figure 2.6.  Log of main fault zone observed in trench T2 north face.  Locations of interpreted 
event horizons are marked as stars.  Locations where detrital charcoal was sampled for 
radiocarbon dating are marked as ovals.  Stratigraphic units are marked with white boxes. 
Shaded area corresponds to detailed close up shown in Figure 7a. Symbols follow same legend 
as Figure 5a. BGS=below ground surface; K=Krotovina; ff=Fissure-fill. Unannotated 
photomosaic of the north face of T2 available in electronic supplement to this article, see 
Figure S2. 
 
 
 
 
 
 
	 58 
 
 
 
 
	 59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. a) From the north face of trench T2 (location marked as shaded box in Figure 6), 
the figure shows the faulted soil A horizon (unit 100 and historical living surface at time of 
California’s settlement by the Spanish), buried soil horizon (unit 105), and fluvial deposits (unit 
112).  The panel shows evidence for three separate surface rupturing events as well as minor 
cracking.  Event E3 is seen as faulting to unit 112, event E2 is seen as faulting and fissure 
infilling of units 105 -100, event E1 is seen as displacement, ~3-5 cm, of historical age alluvial 
sands.  Also shown is fissure infilling of young sediments possibly from triggered slip or creep 
event (E0). b) Evidence for events E1 and E2 on the south face of trench T2 (location marked 
as shaded box in Figure 5a). Event E2 is seen rupturing to unit 100 with tilting of unit 103, a 
channel pipe composed of medium- to coarse-grained sands.  Event E1, interpreted to be the 
1862 AD San Diego earthquake, is seen as infilling of fissure from historical era sands, which 
contain iron bar and brick. c) Evidence for events E5 and E6 from the south face of trench T2 
(location marked as shaded box in Figure 5a).  Evidence for event E6 is seen as upward 
terminating fault strands capped by unit 200.  Evidence for event E5 is seen as vertical 
displacement (~20 cm) of unit 200 that is then capped by units 140-130. 
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Figure 2.8. Age model for Old Town developed with dates listed in Table T1.  Shown are the 
probability density functions (PDF) for each sample collected in Old Town. Also shown are the 
event PDF’s determined by OxCal.  Age model developed through OxCal v 4.3.2 (Bronk 
Ramsey 2009). 
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Figure 2.9. a) Probability density functions of event horizons determined via the OxCal age 
model for the Old Town and Rose Creek paleoseismic sites. b) Earthquake occurrence along 
the NIRC, which shows the reported occurrence of earthquakes at several paleoseismic sites 
along strike of the NIRC system. The map at the bottom shows the trace of the NIRC, as well 
as locations of paleoseismic sites (black squares). Vertical error bars are 95% confidence 
interval. Paleoseismic data from Grant et al., (1997), Grant et al. (2002), Leon et al., (2009), 
Leeper et al., (2017), Rockwell and Murbach (1996). 
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3. Slip rate for the Rose Canyon fault through San Diego, 
CA based on analysis of new GPS data: Evidence of a 
potential Rose Canyon – San Miguel-Vallecitos fault 
connection? 
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3.1 Abstract 
The Rose Canyon fault is the southern extension of the larger Newport-Inglewood-Rose 
Canyon fault system, which represents a major structural boundary in the Inner Continental 
Borderland (ICB) offshore southern California. 10-15% of the total plate boundary motion is 
thought to be accommodated by the faults of the ICB, but the exact distribution of slip is 
uncertain. Slip is fed into the ICB by the transpeninsula faults that cut across Baja California, 
and a portion of this slip is potentially transferred into the Rose Canyon fault by the offshore 
Descanso fault or by the San Miguel-Vallecitos fault system. With an onshore segment, the 
Rose Canyon fault is unique among ICB faults, and offers an opportunity to constrain the slip 
rate using traditional geodetic methods. GPS surface velocities from a combined campaign and 
continuous GPS network are used to constrain elastic rheological models of the Rose Canyon 
fault. Reprocessed legacy multi-channel seismic data are then employed to investigate potential 
fault structures that might facilitate the transfer of slip into the Rose Canyon fault. Results of 
the elastic half space models suggest that the Rose Canyon Fault may be slipping towards the 
higher end of geologic estimates, with the preferred model indicating a slip rate of ~2.4 mm/yr 
and the optimally oriented transect for this model suggesting a higher rate of 2.9 mm/yr. 
Results from an asymmetrical elastic half space model indicate a rheological contrast across the 
Rose Canyon fault, similar to observations from the northern Newport-Inglewood fault 
segments. Observed GPS surface velocities south of San Diego Bay, point towards a more 
easterly trace of the Rose Canyon fault and suggest a possible connection with the San Miguel-
Vallecitos fault system. Such a connection would have important consequences for regional 
seismic hazard.  
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3.2 Introduction 
The Inner Continental Borderland (ICB) offshore southern California is a tectonically 
complex region composed of several active sub-parallel north-northwest trending faults that 
together makeup the offshore component of the Big Bend Domain (Figure 1) (Maloney et al., 
2016, Wetmore et al., 2018). While faults east of the ICB (i.e., the Southern San Andreas 
system) accommodate the majority of the plate boundary budget, roughly 10-15% of total plate 
motion is thought to be accommodated by the faults of the ICB (Bennett et al., 1996; Platt and 
Becker, 2010). The total motion across the ICB is reasonably well-constrained, but the offshore 
location makes determining individual rates on ICB faults difficult, with only a handful of 
studies successfully resolving a geologic slip rate on a few fault strands (e.g., Ryan et al., 2009; 
Brothers et al., 2015; McNeilan et al., 1996; Lindvall and Rockwell, 1996). The faults that 
make up the ICB transfer slip around the Big Bend, feeding it northward into the faults of the 
Western Transverse Ranges (Platt and Becker, 2010; Humphreys and Weldon, 1991). In 
northern Baja California, faults of the Transpeninsula Fault system take up the excess 
deformation that bleeds off the transform-rift interactions in the Gulf of Mexico, and feed it 
into the offshore ICB (Dixon et al, 2002, Suraez-Vidal et al., 1991; Humphreys and Weldon, 
1991). Among these faults are the San Miguel-Vallecitos and the Agua Blanca faults, which 
together transfer 6-8 mm/yr of slip into the ICB (Figure 1) (Bennett et al., 1996; Dixon et al., 
2002). 
 The San Miguel-Vallecitos and Agua Blanca faults exhibit contrasting seismic 
characteristics and geomorphic expressions, which may be a consequence of the different roles 
these two faults play in distributing tectonic deformation across the peninsula. The Agua 
Blanca Fault cuts west-northwest across the Baja Peninsula and trends oblique to the plate 
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boundary vector by as much as 25 degrees (Dixon et al., 2002). Despite this misalignment, the 
Agua Blanca fault has as much as 15 km of total offset and is well expressed in the landscape 
(Allen et al., 1960; Gold et al., 2020 in review; Wetmore et al., 2018). The range of slip rate 
estimates on the Agua Blanca fault is broad, with geologic rates indicating anywhere from 2-10 
mm/yr of motion across the fault (Hatch, 1987, Schug, 1987; Rockwell et al., 1993; Gold et al., 
2020 in review); while rheological models constrained by GPS surface velocities indicate that 
the fault may be accommodating 2-6 mm/yr (Dixon et al., 2002). Historical seismicity on the 
Agua Blanca has been relatively sparse with no historical surface ruptures and very low levels 
of microseismicity (Rockwell et al., 1987, 1993; Vidal-Villegas et al., 2018).  
Contrasting with the Agua Blanca fault is the San Miguel-Vallecitos fault, which trends 
north-northwest and is better aligned to the plate boundary vector (Dixon et al., 2002). 
However, this favorable orientation does not translate into obvious indicators of faulting. 
Instead, the San Miguel-Vallecitos fault exhibits a subtler geomorphic expression and a small 
~600-1000 m total offset, which is suggestive of a young fault (Dixon et al., 2002; Hirabayashi 
et al., 1996; Wetmore et al., 2011). A single geologic slip rate estimate based on the soil 
chronology of an offset ridge suggests a 0.33-0.55 mm/yr late-Pleistocene rate for the San 
Miguel-Vallecitos Fault; interestingly, rheological models indicate a faster GPS rate of 2-4 
mm/yr (Hirabayashi et al., 1996; Dixon et al., 2002). Despite the small total offset and 
potentially low slip rate, the San Miguel-Vallecitos fault has hosted seven M 6.0+ earthquakes 
in the past century, culminating in the Mw 6.8 San Miguel earthquake which produced over a 
meter of surface displacement, accompanied by a much higher rate of microseismicity, hinting 
at the potential of a more nuanced situation than a slow slip rate fault in Baja California (Reyes 
et al., 1975; Hirabayashi et al., 1996). 
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The role these two faults play in partitioning slip into the ICB is important because of 
their ability to feed slip into different fault systems. The Agua Blanca fault trends offshore 
south of Ensenada, Mexico where the fault diverges into several strands that likely interact with 
several faults systems in the ICB (Figure 1) (Legg, 1985; Legg et al., 1991). The north-
northwest trend of the San Miguel-Vallecitos fault means that any motion occurring on this 
fault is most likely fed directly into the Rose Canyon fault, although the exact mechanics of this 
connection remain uncertain (Figure 1) (Hirabayashi et al., 1996; Treiman, 1993; Suarez-Vidal 
et al., 199l). Therefore, the amount of slip accommodated individually by these two 
transpeninsula faults could have a direct effect on the individual slip rates of faults in the ICB. 
The Newport Inglewood-Rose Canyon fault marks the eastern boundary of the ICB and 
is a major structural element separating subduction related metamorphic complexes to the west, 
from the Peninsular Range provinces to the east (Figure 1) (Yeats, 1974; Wright, 1991; Boles 
et al., 2015). As the name suggests, the Rose Canyon fault is the southern segment of the larger 
Newport-Inglewood-Rose Canyon fault system, and directly underlies the city of San Diego, 
CA (Moore, 1972; Lindvall and Rockwell, 1995; Sahakian et al., 2017). The Rose Canyon fault 
is unique among faults of the ICB because of its significant onshore segment, offering an 
opportunity to use traditional terrestrial techniques to quantify the fault’s slip rate. 
Unfortunately, this coastal onshore section coincides with a dense urban environment along the 
fault trace, obscuring or removing geomorphic features typically used as piercing points. 
Nevertheless, an early slip rate estimate for the Rose Canyon fault comes from 3-D trenching at 
Rose Creek, where an offset small gravel-filled channel was traced across the Mt. Soledad 
strand of the Rose Canyon fault to determine a minimum slip rate of 1.1 mm/yr (Lindvall and 
Rockwell, 1995). However, limited resolution of the underlying age model and the removal by 
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mechanical grading of the stratigraphic horizon containing the offset drainage on the western 
side of the fault, in combination with geomorphic evidence of other active fault strands at this 
latitude, argues for a higher slip rate (Lindvall and Rockwell, 1995). Using historical aerial 
photography, a later study determined a ~2 mm/yr slip rate for the Rose Canyon fault by 
mapping deflected drainages incised into a fluvial terrace overlying the last interglacial marine 
terrace; however, the timing of this incision and therefore the age of offset is uncertain 
(Rockwell, 2010).  
The uncertainties associated with these slip rate estimates translate to an unknown upper 
bound for the amount of motion occurring on the Rose Canyon fault (Rockwell, 2010). 
Recently, new paleoseismic evidence on the Rose Canyon fault supports the occurrence of 
several surface rupturing earthquakes over the past ~3,300 years and a recurrence interval that 
is shorter than previous estimates by a few hundred years (Singleton et al., 2019). This shorter 
recurrence interval may be an indication that the Rose Canyon fault is accommodating slip 
towards the higher end of geologic estimates. If true, a faster slip rate for the Rose Canyon fault 
would have important implications for the seismic hazard of the highly urban environment 
(Field et al., 2014). Furthermore, a well constrained slip rate on the Rose Canyon fault would 
give a better idea of the slip available for other fault systems in the ICB, and therefore a better 
characterization of the seismic hazard of the region. Lastly, because of the possible connection 
between the Rose Canyon fault and the San Miguel-Vallecitos fault, by determining the amount 
of slip occurring on the Rose Canyon fault we may be able to better resolve the distribution of 
slip occurring across the Baja Peninsula. If the slip rate currently being accommodated by the 
Rose Canyon fault is significantly higher than geologic estimates, this could signal that the San 
Miguel-Vallecitos has experienced a shift in stress accumulation. 
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An alternative to traditional slip rate estimates from geologic features is the widespread 
use of space geodetic techniques for measuring surface deformation (e.g., Fialko, 2006; Segall, 
2010; Materna and Burgmann, 2016). Daily position estimates from Global Positioning System 
(GPS) data have been used successfully to constrain deformation models of faults across all 
types of plate boundary environments. For fault studies in urban areas, using GPS data to 
determine a slip rate can be advantageous because the technique does not rely on the 
preservation of geologic piercing points, is sensitive to crustal deformation over short time 
scales, and requires a relatively small spatial footprint. For these reasons, slip rate models 
constrained by GPS surface velocities are a convenient alternative to labor intensive methods 
such as 3-D trenching. With a terrestrial area to the east and west, the Rose Canyon fault offers 
a unique opportunity to quantify the slip rate via terrestrial geodetic methods for a fault within 
the mostly submerged ICB.  
South of Downtown San Diego, the Rose Canyon fault splays out into a complex 
network of faults to form a stepover with either an offshore branch of the Agua Blanca system 
or a connection with the San Miguel-Vallecitos fault (Legg et al., 1991; Treiman, 1993). This 
stepover is responsible for the subsidence of San Diego Bay, and allows for marine seismic 
reflection techniques to image fault structures more effectively than is possible onshore beneath 
the city of San Diego. The faults of San Diego Bay accommodate the transfer of motion from 
regional faults to the south into the Rose Canyon fault, but the exact mechanisms of this 
connection are not well known (Treiman, 1993). Legacy multi-channel seismic (MCS) data 
collected in San Diego Bay show numerous faults that may provide a fault structure to 
accommodate the transfer of slip from regional faults.  
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In this study, we combine ~20 years of campaign GPS data from a clustered-benchmark 
network that spans the Rose Canyon fault with data from continuous GPS stations, to determine 
the surface velocity across the San Diego region. This surface velocity is used to constrain 
elastic half-space models of deformation on the Rose Canyon fault in order to investigate the 
effect of varying slip rates and rheological contrasts on how well data fit a given model. We 
also examine legacy MCS seismic data reprocessed to improve resolution, to search for fault 
structures beneath San Diego Bay that may provide a mechanism for slip to be transferred into 
the Rose Canyon fault.  
 
3.3 Methods 
3.3.1 GPS data collection and processing 
 In 1998, a network of campaign GPS sites was constructed across the San Diego Region 
with the goal of determining a slip rate on the Rose Canyon fault (Figures 2 and 3) (Agnew, 
2007). This network consists of four sites that span the fault trace, and at each site a cluster of 
benchmarks (2-4) was constructed ~100 m apart (Figure 3). We take advantage of the high 
accuracy of GPS signal over short baselines to check monument stability of the closely spaced 
benchmarks. Each benchmark is surveyed with a specially designed fixed-height antenna post, 
which kinematically mates with the benchmark and is vertically centered with ultra-high 
precision bubble levels that place the GPS antenna phase center over the benchmark with sub-
millimeter repeatability (Agnew, 2007). The network was surveyed in three campaigns, during 
the initial construction from 1998-1999, a second phase from 2003-2006, and finally in 2016-
2017. For each campaign, the benchmarks were surveyed with Ashtech Z-XII receivers and 
Ashtech choke ring antennas.  
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At three of the survey sites (COW1-4, SWT1-4, TJE1-3) the GPS equipment could not 
be left unattended overnight, so each benchmark was observed for a minimum of 6 hours for at 
least three days, typically consecutive days. Sites STG1-2 and WDW1-2 are located on secure 
Naval property and GPS equipment was left to record 24-hour sessions for several consecutive 
days. Beginning in the early 2000s, the number of continuous GPS stations in the San Diego 
area began to densify. Thus, many of the continuous stations used in this study overlap with at 
least two occupations of the campaign GPS sites. Continuous GPS data were downloaded from 
external processing centers at UNAVCO and NASA-JPL.  
Daily position estimates from phase observations and time series of the GPS data were 
processed using the GAMIT/GLOBK software package, version 10.7 (Herrring et al., 2018). 
To improve the stability of the network, continuous GPS data were processed jointly with the 
campaign data. Initially 12-15 sites across North America were combined with the early 
campaign data, with Plate Boundary Observatory (PBO) sites in southern California added as 
they came online. GPS processing software, such as GAMIT/GLOBK will typically produce 
velocity uncertainties that are underestimated (<0.5 mm/yr) (e.g., Herring et al., 2018; Feigl et 
al., 1993; Langbein and Johnson, 1997). This can be corrected for by adding an appropriate 
amount of noise in the form of two end member models; a white noise (random) error model 
that accounts for uncertainty in daily position estimates, and a long term correlated random 
walk component that accounts for instability in station monumentation (Herring et al., 2018; 
Johnson and Agnew, 1995). The daily time series of GPS data were examined for outliers or 
noisy segments of data, and appropriate weights were added so that the normalized RMS 
scatter was stable at ~1; the amount of random walk noise was determined from the continuous 
GPS time series. 
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Velocities for all stations were calculated using the ITRF14 reference frame. A local 
reference frame was realized by referencing site velocities to one of three stations in the San 
Diego region. Reference stations were chosen for central locations and distance relative to 
regional faults. The impact of seasonal transient deformation in the campaign data should be 
minimal as many of the occupations occurred during the fall and winter of each surveying 
effort. However, during 2003-2006, and 2016 some of the campaign sites where occupied in 
the spring and summer, but the potential scatter introduced by the seasonality should have a 
minimal effect on the overall velocity, which is sensitive to scatter at the beginning and end of 
the timeseries (Dixon et al., 2002).   
3.3.2 Deformation models 
To model the velocity field across the San Diego region, we use two models of elastic 
deformation. For comparison with deformation models, the GPS surface velocities were 
projected onto the average strike of the Rose Canyon fault through San Diego (N27°W) (Fig. 2) 
and collapsed into a perpendicular transect.  The main plate boundary faults in Southern 
California are located 100-150 km east of the Rose Canyon fault, in an area of high heat flow 
that results in moderately shallow locking depths (Lindsey and Fialko, 2013). The distance and 
heat flow translate into a minimal strain signal from those faults extending into the San Diego 
region (Lindsey and Fialko, 2013). Across the study area (~80 km), we calculate a gradient of 
less than 1.0 mm/yr as a result of these plate boundary faults, and within 30 km of the Rose 
Canyon Fault their effect is less than 0.5 mm/yr. Nevertheless, a few of the eastern-most 
stations used in this study are likely within the strain field from the Elsinore Fault, and so its 
impact on the model is assessed. 
3.3.2.1 Deformation models - homogeneous elastic half-space  
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Although relatively simple, buried dislocation models in an elastic half space have been 
shown to be effective as first order models to describe the result of motion occurring at depth 
along a fault (e.g., Savage and Burford, 1973; Segall, 2010; Materna and Burgmann, 2016). We 
model the effect of fault motion on surface velocity as a simple elastic half-space dislocation 
with one or two parallel faults. For two infinitely long parallel faults, the fault perpendicular 
velocity (V(x)) can be approximated by:  
 
where the fault’s slip rate (  ) controls the amplitude of the arctangent profile, while the 
curvature of the profile is inversely related to the locking depth (D). The horizontal distance 
perpendicular to the fault is given by x, with a single fault centered at x=0. The effect of the 
secondary fault is described with x-Sb, where Sb represents the perpendicular distance of the 
second fault relative to the first. Parameter subscripts a and b in the above equation are used to 
describe the effect of multiple parallel faults. 
3.3.2.2 Deformation models – asymmetric elastic half-space 
 The asymmetric elastic half space model describes the effect of contrasting shear 
modulus on either side of a fault (Le Pichon et al., 2005; Segall, 2010). Similar to the 
homogeneous elastic half space model, the arctangent profile is described by the fault slip rate 
(?̇?) and locking depth (D) as well as an asymmetry parameter (A). A, describes the effect of 
contrasting shear modulus (𝜇1and𝜇2) where 𝐴 = &1&2'	&1. With A=0.5, the asymmetric elastic half 
space model is equivalent to the homogeneous elastic half space model. The asymmetry 
parameter results in deformation being concentrated on the side of fault with a higher shear 
modulus. The perpendicular velocity field is described by: 
V (x) =
s˙a
⇡
tan 1
⇣ x
D
⌘
+
s˙b
⇡
tan 1
✓
x  Sb
D
◆
<latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="hP+6 LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq 1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo 3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0g jsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WM tUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSa Fw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOs tjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwY aSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBL ghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="3vs/ DgjlMoU+O+w2jnHSqUcLl68=">AAACUnicfVFNSwMxFMyuVttatX r1sliEFmnZ9aIXQdCDx4r2A7q1ZNNsG5rNLslbaQn7J73pxb9i+g HaVhwIDDNveMkkSDhT4Loflr2zm9vbzxeKB6XDo+PySamt4lQS2i Ixj2U3wIpyJmgLGHDaTSTFUcBpJ5jcz/3OG5WKxeIFZgntR3gkWM gIBiMNytCuTmu3figx0f4wBq0GOMu0n7AMsHjVdS/zOQ2huhyZZv oh8yUbjaF2uZYK/kvVn43/kxyUK27DXcDZJt6KVNAKzUH53Wwha UQFEI6V6nluAn2NJTDCaVb0U0UTTCZ4RHuGChxR1deLdjLnwihDJ 4ylOQKchfo7oXGk1CwKzGSEYaw2vbn4l9dLIbzpayaSFKggy0Vhy h2InXnVzpBJSoDPDMFEMnNXh4yxKQTMhxRNCd7mk7dJ+6rhuQ3vy UV5dIbOURV56BrdoUfURC1E0KeFrIJVtL7snF1a1mVbq95O0Rrso 2+9GLbq</latexit><latexit sha1_base64="3vs/ DgjlMoU+O+w2jnHSqUcLl68=">AAACUnicfVFNSwMxFMyuVttatX r1sliEFmnZ9aIXQdCDx4r2A7q1ZNNsG5rNLslbaQn7J73pxb9i+g HaVhwIDDNveMkkSDhT4Loflr2zm9vbzxeKB6XDo+PySamt4lQS2i Ixj2U3wIpyJmgLGHDaTSTFUcBpJ5jcz/3OG5WKxeIFZgntR3gkWM gIBiMNytCuTmu3figx0f4wBq0GOMu0n7AMsHjVdS/zOQ2huhyZZv oh8yUbjaF2uZYK/kvVn43/kxyUK27DXcDZJt6KVNAKzUH53Wwha UQFEI6V6nluAn2NJTDCaVb0U0UTTCZ4RHuGChxR1deLdjLnwihDJ 4ylOQKchfo7oXGk1CwKzGSEYaw2vbn4l9dLIbzpayaSFKggy0Vhy h2InXnVzpBJSoDPDMFEMnNXh4yxKQTMhxRNCd7mk7dJ+6rhuQ3vy UV5dIbOURV56BrdoUfURC1E0KeFrIJVtL7snF1a1mVbq95O0Rrso 2+9GLbq</latexit><latexit sha1_base64="fZu/ LCB9Eoi+45ODwpUvoM3VZ5c=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hA3ZaL3oRRD14FHRTWGtI83SLSxNS/JWHKF/0pte/CtmH+ AnvhB4eD54kydRxpkCz3u17KXl0spquVJdq61vbDpb212V5pLQDk l5Kh8irChngnaAAacPmaQ4iTi9j8YXU/3+iUrFUnEHk4yGCR4KFj OCwVB9B7qN5+ZpEEtMdDBIQas+LgodZKwALB51yy8CTmNozC3Phb 4sAsmGI2gefktF/6Vat0b/TPadutf2ZuP+Bv4C1NFirvvOi9lC8 oQKIBwr1fO9DEKNJTDCaVENckUzTMZ4SHsGCpxQFepZO4V7YJiBG 6fSHAHujP2a0DhRapJExplgGKmf2pT8S+vlEJ+EmoksByrIfFGcc xdSd1q1O2CSEuATAzCRzNzVJSNsCgHzIVVTgv/zyb9B96jte23/x qufnS/qKKM9tI8ayEfH6AxdoWvUQQS9WciqWFXr3S7ZNXtjbrWtR WYHfRt79wOzUrev</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit><latexit sha1_base64="1UEL C/D7gOc8+7Zo3LMFuzX7ChQ=">AAACXXicfVFNS8MwGE6r021OrX rw4KU4hIk4WhH0Igz14HGim8I6R5qlW1ialuStbIT+SW968a+YfY Cf+ELg4fngTZ6EKWcKPO/VspeWCyurxVJ5rbK+selsbbdVkklCWy ThiXwMsaKcCdoCBpw+ppLiOOT0IRxdTfWHZyoVS8Q9TFLajfFAsI gRDIbqOdCujQ8vgkhiooN+Alr1cJ7rIGU5YPGkj/084DSC2twyzv V1Hkg2GMLh0bdU+F/q+M7on8meU/Xq3mzc38BfgCpaTLPnvJgtJ IupAMKxUh3fS6GrsQRGOM3LQaZoiskID2jHQIFjqrp61k7uHhim7 0aJNEeAO2O/JjSOlZrEoXHGGIbqpzYl/9I6GUTnXc1EmgEVZL4oy rgLiTut2u0zSQnwiQGYSGbu6pIhNoWA+ZCyKcH/+eTfoH1S9726f 3tabVwu6iiiPbSPashHZ6iBblATtRBBbxaySlbZercLdsXemFtta 5HZQd/G3v0AtJK3sw==</latexit>
 
74 
 
 
 
Following the methods of Dixon et al. (2002), we evaluate the fit of the elastic half-
space models to the GPS data with the 𝛸* statistical test: 𝛸* = 𝛴(𝑂 − 𝐸)*/𝜎* where O is the 
observed data, E is the expected value (taken from the elastic half-space model evaluated at the 
benchmark distances), 𝜎 is the error in the observations, and the sum is evaluated over the 
entire dataset. The minimum 𝛸* value is taken to indicate the best fitting model to the data. 
When the errors are appropriately estimated the 𝑋*4  value, defined as 𝛸*/𝑑, where d is the 
number of degrees of freedom, will be close to 1 for well-fit models. A value of 𝑋*4	<1 indicates 
that the errors are overestimated, while 𝑋*4  >1 indicates a poorly fitting model or errors that are 
underestimated. Our dataset consists of a relatively small number of data points (N=23) so 
these rules will act as guidelines. 
3.3.3 Reprocessing legacy MCS data  
The MCS data used in this study are part of a seismic hazard assessment of the 
Coronado bridge in the mid-1990s (Kennedy and Clarke, 1996). The original survey collected 
130 km lines of MCS data, originally stored on magnetic tape files (Kennedy and Clark, 1996; 
1999). These lines were transferred to modern digital format and reprocessed through the 
Shearwater Reveal software package (Reveal, 2019). To increase the resolution of the data, we 
applied a processing scheme that included a linear moveout and f-k filtering, water bottom 
mute, common midpoint stacking and normal move-out correction with velocity semblance, 
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brute stacking, and time migration. Unfortunately, the original navigation files for the MCS 
lines were destroyed in a warehouse fire, so the locations were digitized from the paper figures 
included in the original report. To do this we georeferenced the figures and then digitized the 
individual MCS lines. The total length of the digitized line was divided into equally spaced 
‘shots’ at 3.125 m spacing, which is the shot spacing of the original acquisition (Kennedy and 
Clarke, 1996). Due to uncertainties in the digitization of the original figure, the final locations 
likely carry a location error of ~20-100 m.  
 
3.4 Results 
3.4.1 Stability of campaign survey sites and GPS data quality 
Results of the short intra-cluster baselines processed with the L1- and L2-independent 
carrier phase of the GPS signal, show that the campaign network has maintained sub-millimeter 
stability over the 20-year period of the survey (Figure 4). The weighted RMS scatter in the 
north, east, and up components of the intra-cluster baselines are below ~1 mm (Table 1). This 
level of stability indicates that the campaign stations should be reliable GPS benchmarks to 
estimate surface velocity. The quality of the data also demonstrates that fixed-height 
monumentation with ultra-high precision bubble levels, can be set up with high-accuracy by 
independent investigators with large gaps in time between surveys (years to decades). 
The combined campaign and continuous GPS data define a velocity gradient 
perpendicular to plate motion of about 3.5 mm/yr across the San Diego region. In a local 
reference frame, the relative velocity data give a gradient of ~3 mm/yr near the Rose Canyon 
fault. In a reference frame relative to a site east-northeast of the Rose Canyon Fault, GPS 
benchmarks on the western side of the fault move north-northwest, consistent with right lateral 
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motion. Components of horizontal velocities for sites used in this study relative to ITRF14 are 
listed in Table 2. 
3.4.2 Single and double fault homogeneous elastic half-space model 
When the relative position estimates across the San Diego region were compared to a 
single fault model in homogeneous elastic half-space, the resultant 𝑋24< 1 (Table 3). Following 
the methodology of Dixon et al. (2002), we interpret a 𝑋*4  < 1 to indicate errors that are 
overestimated. In order to compare results between different reference stations, the errors for 
the relative position data were adjusted so that the 𝑋*4  ~1, resulting in a factor ~1.5 reduction in 
the GPS rate error. The fault parallel velocities and adjusted errors across the Rose Canyon 
fault relative to three reference stations are shown in Figure 5. Figure 5 also shows theoretical 
velocity profiles for a single fault in a homogenous elastic half space that describes the motion 
on the Rose Canyon fault for several potential slip rates. The transect with DESC as the 
reference station is the most centralized of three reference stations, so that the orthogonal 
projections of other GPS sites are minimized (average projection ~14 km) (Figure 2). The 
average orthogonal projections for the SIO5 and POTR transects are 21 km and 32 km. We 
therefore take DESC to be our preferred transect.  
For the single fault model, the RMS misfit of nonreference stations for the optimally 
oriented DESC transect is 0.61 mm (by definition the reference station has a zero misfit). The 
RMS misfit for the SIO5 and POTR transect are 0.78 mm and 0.80 mm, respectively. The 
relatively small size of the data misfit (< 1 mm/yr) suggests that the velocity data fit the single 
fault homogeneous elastic half space model well. Table 3 contains the X2 values of the fault 
models for the three transects. Included in Figure 5 are the X2 values as a function of slip rate 
using the normalized errors described above. The weighted mean of the slip rate estimates and 
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their RMS scatter about the mean is 2.8	 ± 	0.5 mm/yr and is taken as the best slip rate estimate 
for the Rose Canyon fault in a single fault homogeneous elastic half-space model. However, for 
the optimally oriented DESC transect the data suggest a higher slip rate of 3.4 mm/yr (Table 3; 
Fig. 4b). 
We also explored the effect of varying the locking depth with slip rate on the X2 values. 
Unfortunately, with a lack of GPS sites within 10 km on the east side of the Rose Canyon fault, 
our data are relatively insensitive to changes in locking depth, with the data fitting a large range 
of locking depths (~1-25 km). Nevertheless, the DESC transect was best fit with a slip rate of 
3.6 mm/yr and a locking depth of ~16 km (X2 = 3.899). This locking depth is similar to the 
depth of seismicity (15 km) found by Magistrale (1993) for an earthquake swarm beneath San 
Diego Bay. Given this similarity, a locking depth of 15 km is chosen as representative for the 
remaining models.  
For the two-fault model, the model parameters for the Elsinore fault were fixed based 
on independent data. For the southern section of the Elsinore fault, slip rate estimates range 
from 1.5-2.4 mm/yr based on geologic and geodetic evidence from which we selected a rate of 
2.0 mm/yr; meanwhile microseismicity studies suggest a locking depth of 12 km (Bird, 2009; 
Fletcher et al., 2011; Rockwell, et al., 2019; Magistrale, 2002). Table 3 shows the best fit slip 
rate and associated X2 values for the double fault model. X2 misfits for the best fit model were 
calculated with the same error reduction criteria as the single fault model. With the addition of 
the Elsinore Fault there is a small worsening of the model fit, with X2 values increasing 
slightly.  
The RMS misfit of nonreference stations for the optimally oriented DESC transect is 
0.63 mm, for the SIO5 and POTR transect the RMS misfit are 0.74 mm and 0.71 mm, 
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respectively. The weighted mean of the slip rate estimates and their RMS scatter about the 
mean is 2.4 ± 0.5 mm/yr and is taken as the best slip rate estimate for the Rose Canyon fault in 
a double fault homogeneous elastic half-space model. However, similar to the single fault 
model, the optimally oriented DESC transect suggests a higher slip rate of 2.9 mm/yr (Table 3, 
Fig. 5e). Figure 5d-f shows the results of the double fault elastic half space models, with inset 
that show X2 values vs slip rate. 
These results show that despite the distance of most GPS sites relative to the Elsinore 
fault (>50 km), there is still a small but noticeable effect of the fault’s strain field on GPS 
surface velocities. With reference stations that are within 30-35 km of the Elsinore Fault 
(DESC and POTR), the effect of the Elsinore Fault is to overestimate the slip rate on the Rose 
Canyon Fault by ~0.4 mm/yr. Given the influence of the Elsinore Fault’s strain field on the 
reference stations, the slip rate estimates from the double fault model are likely more realistic 
than the single fault models. However, because our data set is relatively sparse and has a 
variable spatial distribution, it may not capture completely the subtle characteristics of a more 
complicated double fault model.  
3.4.3 Asymmetric elastic half-space model 
For the asymmetric elastic half space model, the X2 misfit supports a contrasting 
rheology across the fault zone, but with a higher slip rate than the homogenous elastic half-
space model (Table 3). For the preferred DESC transect, Figure 6 shows the results of this 
model and Figure 7 shows contours of the X2 misfit and the best fit model calculated using the 
same error reduction criteria described above. For the three transects, the RMS values for the 
model parameters are 4.5 mm/yr for slip rate (?̇?) and 0.244 for the asymmetry parameter (A), 
locking depth for asymmetry model was set at 15 km. The relatively high 4.5 mm/yr slip rate is 
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likely due in part to the SIO5 transect that also has a correspondingly large X2 value. 
Additionally, the higher estimate for slip rate may be a result of the model attempting to fit the 
higher rates on the western side of the fault. The asymmetry model results show a better overall 
fit (lower X2 value) to the data than the homogenous elastic half space models (Table 3). Using 
the RMS value for A of 0.244 this corresponds to a shear modulus ratio of 𝜇1/𝜇2 = ~3. 
Similar to the depth parameter determined with the single fault homogeneous elastic 
half space, our data misfits are relatively insensitive to changes in the model near the fault. The 
lack of sensitivity of our dataset to the asymmetry parameter A seen in Figures 6 and 7 is most 
likely a reflection of this lack of data close to the fault trace on the eastern side (within 10 km), 
as well as only two locations on the west side at ~2 km and ~7-8 km. It is this region that is 
most affected by changes to the asymmetry parameter and so our results here should be viewed 
as only rough estimates.  
3.4.4. Legacy MCS profiles 
The reprocessing of legacy MCS data with improved computational techniques 
dramatically increased the resolution at depth allowing for better characterization of fault 
geometry and stratigraphy. The reprocessed MCS data resulted in good-quality, usable data 
down to ~450 ms, and imaged many of the fault segments previously mapped in San Diego 
Bay. In the southern portion of San Diego Bay, a large fault is well expressed in MCS line 
T196-a792 that separates relatively flat-lying to gently east-dipping stratigraphy in the west, 
from steeply west-dipping stratigraphy in the east (Figure 8). The fault exhibits a down-to-the-
east sense of displacement and develops into a negative flower structure towards the surface. 
The MCS data show progressively increasing offsets and stratigraphic dips with depth 
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associated with this fault in south San Diego Bay. Thus, this fault appears to exert a control on 
deposition and subsidence in the southern portion of San Diego Bay.  
Using the reprocessed MCS data, we extend the mapped trace of this large fault in south 
San Diego Bay to connect with two previously mapped fault segments from the USGS/CGS 
fault database (Figure 8) (USGS, 2019). Similar to many of the smaller fault segments in the 
southern portion of San Diego Bay, the orientation of this fault is to the northwest, similar to 
that of the Rose Canyon and San Miguel Vallecitos faults. This fault appears to be a major 
structural element in the southern portion of San Diego Bay. Moving northward to the south-
central portion of San Diego the MCS line T196-088 shows several distributed sub-parallel 
faults that are eastward dipping and show down-to-the-east sense of displacement (Figure 8). 
 
3.5 Discussion 
3.5.1. Slip rate on the Rose Canyon Fault 
The results of the elastic half space models indicate that the slip rate on the Rose 
Canyon Fault may be toward the higher end of geologic estimates. The maximum slip rate 
estimate from the deflected drainages at Old Town is equal to the weighted mean slip rate from 
the double fault models of 2.4 mm/yr. While this value is within the uncertainties of geologic 
estimates, the preferred DESC transect suggests a higher rate (Table 3). If the poorly situated 
POTR transect is excluded, the weighted mean and RMS scatter about the mean for a Rose 
Canyon fault slip rate is 2.8 +/- 0.4 mm/yr. Considering the large orthogonal projections of 
GPS sites when using the POTR transect (13 sites greater than 30 km and a maximum 
projection of ~70 km), it may be reasonable to exclude the model results from this transect. 
Considering the effect of the Elsinore Fault on the eastern stations, the results of the double 
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fault homogeneous elastic half space models are likely more representative of the actual strain 
field in San Diego. Although simple, elastic half space models are likely sufficient 
representatives for the Rose Canyon Fault given that paleoseismic evidence from Old Town 
indicates that the Rose Canyon Fault is likely towards the middle of its seismic cycle. 
Therefore, the modeled effect of a viscoelastic response of the lower crust and upper mantle 
would produce a surface velocity profile that would closely mimic an elastic rheology (Dixon 
et al., 2002; Singleton et al., 2019). 
Large geodetic studies across the entire plate boundary in southern California and 
northern Baja California, Mexico indicate that the ICB accommodates 6-8 mm/yr of plate 
motion (Bennett et al., 1996; Platt and Becker, 2010). With a limited number of studies able to 
estimate slip rates on the offshore faults of the ICB there are still large uncertainties regarding 
the exact distribution of slip on individual faults. Nevertheless, using high-resolution 
geophysical data in combination with ROV coring, offset submarine channel features have 
provided constraints on the slip rate of both the offshore Palos Verdes fault and San Diego 
Trough fault, ~1.7 mm/yr and ~1.5 mm/yr, respectively (Brothers et al., 2015; Ryan et al., 
2012). With a slip rate of 2.4 mm/yr for the Rose Canyon fault suggested by the double fault 
models, there is a potential total of 5.6 mm/yr of slip being accommodated by the Palos Verdes, 
San Diego Trough, and Rose Canyon faults. While there is evidence for variable slip along 
strike of these faults, and the other slip rates estimates are from ~100 km north of San Diego, it 
appears there remains 0.4-2.2 mm/yr of slip unaccounted for that is potentially being 
accommodated by fault systems such as the San Clemente fault (McNeilan et al., 1996, 
Brothers et al., 2015; Fischer and Mills, 1992; Lindvall and Rockwell, 1995).  
3.5.2. A Rose Canyon – San Miguel-Vallecitos fault connection? 
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From La Jolla where the Rose Canyon fault comes onshore, to just north of downtown 
San Diego the Rose Canyon fault has a well-defined relatively narrow surface trace. South of 
downtown, the Rose Canyon fault splays out into a complex fault network forming a stepover 
to either the offshore Descanso fault or connecting to the San Miguel-Vallecitos fault (Figure 2) 
(e.g., Treiman, 1993; Rockwell, 2010; Suarez-Vidal et al., 1993; Marshall, 1989). North-
trending faults beneath the northern portion of San Diego Bay are well-imaged in high-
resolution seismic data (Figure 2). Sections of these faults exhibit recent Holocene 
displacements and are potential linking faults to support a connection to the offshore Descanso 
Fault (Maloney, 2013; Marquez, 2017; Rockwell, 2010; Legg, 1991). To the east of these 
potential linking faults, northwest trending faults and seismic lineations in south San Diego and 
Tijuana, as well as gravity and crystalline basement profiles, are cited as evidence for an 
elongated basin between the Rose Canyon and San Miguel-Vallecitos faults that is centered 
beneath south San Diego Bay (Treiman, 1993; Marshall, 1989; Heaton and Jones, 1989).  
Figure 9 shows the GPS surface velocities relative to site SIO5, which is located on the 
trace of the Rose Canyon fault. Sites east of the fault trace are seen moving south-southeast 
while sites to the west are seen to move north-northwest, consistent with right lateral motion 
across the Rose Canyon fault. Site TJE, composed of the intra-cluster benchmarks TJE1-3, is 
seen to move north-northeast in a similar direction and with a similar magnitude to sites located 
on the Point Loma peninsula (Figure 4 and 9). This similarity in surface velocity is a potential 
indication that site TJE lies within the same micro-crustal block as sites on Point Loma and 
argues for a more easterly trace of the Rose Canyon Fault (Figure 9). This proposed micro-
block would be bounded on the east by a potential Rose Canyon–San Miguel-Vallecitos fault 
connection and to the west by offshore faults such as the Descanso or Coronado Bank faults. 
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However, site TJE is located in an area where hillslope instability is common, so the possibility 
exists that shallow subsurface movement could be influencing the station velocity, but given 
the stability of the intra-cluster baselines at site TJE over the 20-year study period this is likely 
not a significant issue (Table 1). 
The northwest trending faults imaged by the reprocessed MCS data beneath the 
southern portion of San Diego Bay could be the result of a potential fault structure that 
connects the Rose Canyon fault with San Miguel-Vallecitos fault. The progressively increasing 
dips with depth show that this fault has controlled deposition in the southern portion of the bay 
with an east-side down sense of displacement, down-dropping sediment away from the linking 
faults imaged in the northern portion of the bay (Figure 8). This sense of displacement away 
from potential linking faults and the central part of the stepover is in contrast with modelling 
results of pull-apart basins (van Wijk et al., 2016). Faulting in south San Diego Bay occurs very 
close to the seafloor and samples from boreholes in the central portion of the Bay suggest that 
this deformation has likely been occurring since at least mid-Pleistocene and potentially into 
the Holocene (Kennedy and Clarke, 1999).  
The northwest orientations of faults in south San Diego Bay are similar to the long axis 
of a gravity low beneath San Diego Bay (Marshall, 1989). It has been suggested that the 
orientation of the gravity and crystalline basement is evidence for a northwest oriented basin 
beneath San Diego Bay that extends into Tijuana, Mexico (Marshall, 1989; Elliot, 1970). 
Marshall (1989) further proposed that the gravity low beneath south San Diego Bay is the result 
of a rhombochasm-like nested graben that accommodates transtension from a stepover between 
the Rose Canyon and San Miguel-Vallecitos faults. If the style of deformation seen in Figure 8 
continues into the southernmost portion of the bay and beneath the Tijuana estuary, it is well 
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oriented to connect with the Tijuana seismicity lineament of Heaton and Jones (1989), and 
provide a fault network that may be part of the rhombochasm nested graben model, potentially 
transferring slip between the San Miguel-Vallecitos and the Rose Canyon faults (Marshall, 
1989; Kennedy et al., 1975). 
If such a fault network extends beneath the Tijuana River estuary and the city of 
Tijuana, Mexico it may be in the early stages of development as no obvious indicators of 
faulting have been observed at the surface (Treiman, 1993). The major fault segments of the 
San Miguel-Vallecitos fault and to a smaller degree the faults of San Diego Bay, are oriented in 
an en echelon pattern separated by stepovers, typical of strike slip faults and pull apart basins 
early in their development (Figure 1 and 2) (van Wijk et al., 2016; Wesnousky, 1988). 
Additionally, the orientation of the San Miguel-Vallecitos fault is favorable for a connection 
with the Rose Canyon fault (Figure 1). Therefore, at least some amount of slip occurring on the 
Rose Canyon fault is likely transferred from the San Miguel-Vallecitos fault zone. From the 
results of the elastic half space models, the apparent slip rate on the Rose Canyon fault is 
towards the higher end of geologic estimates, and could be an indication that the San Miguel-
Vallecitos fault is accommodating a higher slip rate than geologic estimates. With an 
orientation that is better aligned with the overall plate boundary vector, finite element modeling 
suggests that for similar frictional and rheological properties, the San Miguel-Vallecitos fault 
should be favored over the Agua Blanca fault to carry more of the plate motion across the Baja 
California Peninsula (Dixon et al., 2002). In combination with these model results, the higher 
rate of microseismicity and paleoseismic evidence that suggests at least two surface rupturing 
earthquakes in the past 600 years, in addition to the higher rate on the Rose Canyon fault, could 
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be arguments for a faster late-Holocene rate on the San Miguel-Vallecitos fault zone 
(Hirabayashi et al., 1996).  
3.5.3. Rheological contrasts across the southern Newport-Inglewood-Rose Canyon fault  
The Newport-Inglewood-Rose Canyon fault system has long been recognized as a 
major structural boundary separating thinner metamorphosed oceanic lithosphere from a thicker 
continental rheology (Hill, 1971; ten Brink et al., 2000; Nazareth and Clayton, 2003; Lekic et 
al., 2011). Analysis of gas concentrations from oil wells in the Los Angeles basin confirm that 
the Newport-Inglewood fault is a deeply-seated fault with a direct connection to mantle sources 
of Helium that are not observed along other faults in the Los Angeles Basin or ICB (Boles et 
al., 2015). South of the Los Angeles Basin, MCS reflection data suggest the boundary between 
the metamorphic oceanic lithosphere and Peninsular province also lies below the trace of the 
Newport-Inglewood-Rose Canyon fault (Bohannon and Geist, 1998).  
The results from the asymmetric half space models indicate that the boundary between 
compliant Peninsula Range batholith and metamorphosed oceanic lithosphere may exist as far 
south as San Diego Bay. Using the mean value for the asymmetry parameter (A=0.244) and a 
reasonable value for the shear modulus of granite (𝜇1 = 24	𝐺𝑃𝑎) for the Peninsular ranges, a 
shear modulus for the ICB province of ~8 GPa is indicated. With the addition of an asymmetric 
elastic rheology across the Rose Canyon fault a higher slip rate is able to fit the data (Table 3). 
The 5 mm/yr of slip indicated when using the POTR transect is almost certainly an 
overestimation that results from the transect’s poor orientation as discussed above. Excluding 
the results of the POTR transect, the mean slip rate estimate is 4.2 mm/yr, which would 
indicate that the Rose Canyon fault is accommodating a large majority of the ICB slip budget. 
However, given the spatial limitations of our dataset close to the fault these results are also 
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likely an overestimation. Nevertheless, the improved fit in the data suggested by the smaller 𝜒2values may indicate that a similar rheological contrast that is present along the northern 
segments of the Newport-Inglewood fault segment, also exists across the southern Rose 
Canyon segment. This contrast would argue for a higher slip rate than indicated with the 
homogenous double fault model.  
3.5.4. Seismic hazard for San Diego-Tijuana region 
The higher slip rate on the Rose Canyon fault indicated by the results of the elastic half 
space models has important implications for the seismic hazard of coastal San Diego and 
Tijuana, Mexico. A fault’s slip rate has a direct effect on the frequency of expected earthquakes 
and so is considered a key parameter in the construction of seismic hazard models (Field et al., 
2014). If the results of our study are representative of the actual slip rate being accommodated 
by the Rose Canyon fault, it could indicate that the fault may host more frequent earthquakes 
than suggested by previous slip rate estimates (Field et al., 2014). Indeed, recent paleoseismic 
evidence suggests that the recurrence interval for the Rose Canyon fault is shorter than previous 
estimates by ~300-600 years (Lindvall and Rockwell, 1995; Singleton et al., 2019).  
The potential connection of the Rose Canyon Fault to the San Miguel-Vallecitos fault 
would have important consequences for the seismic hazard of Tijuana, Mexico. Not only could 
the city be underlain by a potentially active fault system, but the expected magnitude of future 
earthquakes could be higher. A stepover from the Rose Canyon fault to the offshore Descanso 
fault is ~10 km so that a through-going rupture is not predicted (Wesnousky, 2006). However, a 
potential stepover from the Rose Canyon fault to the San Miguel-Vallecitos fault through San 
Diego Bay is on the order of ~4 km, so that a through-going rupture is possible (Wesnousky, 
2006). If an earthquake rupture initiated on the offshore Torrey Pines segment of Sahakian et 
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al., (2017), and ruptured south through the San Diego Bay pull-apart connection with the San 
Miguel-Vallecitos, continuing until the large bend south of Tijuana, Mexico mapped in Fletcher 
et al. (2014) (located just south of Rodriguez Dam), the total rupture length would be ~77 km. 
Earthquake scaling relationships suggest the magnitude of such an earthquake could be as high 
as Mw 7.3, which would cause a large amount of destruction in the region (Leonard, 2010). 
However, several studies have found conflicting evidence regarding the nature of faulting in the 
Tijuana River valley, so such a fault structure beneath Tijuana, Mexico remains speculative 
(Treiman, 1993; Gastil et al., 1979; Espinoza-Cardena, 1983). 
 
3.6 Conclusions 
 The aim of this study was to utilize the Rose Canyon fault’s onshore segment to 
determine a slip rate using traditional terrestrial geodetic techniques. The results of our study 
show that the network of fixed-height short-baseline intra-clustered GPS benchmarks has 
maintained monument stability over the 20-year study period, and can be used as reliable GPS 
sites. The combined campaign and continuous GPS surface velocities indicate a ~3.5 mm/yr 
gradient across the San Diego Region. The results of constraining single and double fault 
homogeneous elastic half-space models, with GPS surface velocities indicate that the Rose 
Canyon Fault may be slipping at 2.8	 ± 	0.5 mm/yr or 2.4 ± 0.5 mm/yr, respectively. Given the 
effect of the neighboring Elsinore fault, the results of the double fault homogeneous elastic half 
space model are preferred. The double fault model for the optimally oriented DESC transect 
indicates a rate of 2.9 mm/yr. The asymmetric elastic half space model results suggest the 
oceanic-continental lithospheric boundary present along the northern Newport-Inglewood 
segment continues at least as far south as San Diego. The model results suggest a value of 
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A=0.244 and a slip rate of ~4 mm/yr. Surface velocities relative to site SIO5 located on the 
trace of the Rose Canyon fault provide evidence for a more easterly trend of the Rose Canyon 
fault through southern San Diego. Suggesting a possible connection with the southerly San 
Miguel-Vallecitos fault system. Reprocessed MCS data from south San Diego Bay image 
several northwest oriented faults that are well aligned to provide a fault structure to 
accommodate motion between these two regional fault systems.  
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Table 3.1. Intra-cluster horizontal and vertical baselines. RMS values for north, east, and up 
components are calculated relative to a weighted mean.  
 
Baseline Distance (km) RMS (mm) 
 Horz. Vert. North East Up 
STG1 - STG2 79.361 -0.006 0.4 0.5 1.2 
WDW1 - WDW2 61.659 -0.006 1.5 1.2 0.6 
TJE1 - TJE2 70.667 -7.927 0.42 0.54 1.69 
TJE1 - TJE3 109.63 -10.509 0.5 0.4 1.77 
SWT1 - SWT2 56.318 -3.627 0.29 0.42 0.98 
SWT1 - SWT3 75.826 -5.066 0.57 0.41 3.5 
SWT1 - SWT4 156.952 -11.214 0.19 0.4 1.6 
COW1 - COW2 31.275 6.418 0.47 0.37 0.57 
COW1 - COW3 58.312 4.96 0.86 0.3 0.68 
COW1 - COW4 68.009 7.539 0.43 0.36 0.48 
 
Table 3.2.  GPS velocities relative to ITRF14. Site SWT1-4, COW1-4, TJE1-3, STG1-2, and 
WDW1-2 are campaign sites. 
Site Latitude Longitude  Velocity (mm/yr) Sigma (mm/yr) 
   North East Vertical North East Vertical 
POTR 32.61841 243.40914 18.31 -39.85 6.24 0.81 0.82 3.63 
DESC 32.82992 243.3582 17.84 -39.38 3.37 0.82 0.81 3.63 
RAAP 33.04224 243.08275 16.72 -38.48 4.25 0.65 0.64 2.79 
P473 32.73378 243.05049 17.83 -39.61 1.9 0.59 0.59 2.53 
NSSS 32.57931 243.02732 17.89 -39.02 6.36 0.51 0.5 2.15 
P475 32.6664 242.75606 19.85 -39.87 -2.56 0.82 0.82 3.61 
DSME 33.03648 242.75046 17.57 -38.92 0.28 0.52 0.52 1.02 
SIO5 32.84073 242.75031 18.68 -39.36 4.92 0.62 0.61 2.63 
SWT1 32.68832 242.99153 18.87 -39.63 -0.29 0.48 0.47 0.96 
SWT2 32.68868 242.99195 18.83 -39.45 -0.36 0.49 0.48 1 
SWT3 32.6882 242.99232 18.78 -39.49 0.02 0.48 0.47 1 
SWT4 32.68838 242.9932 18.91 -39.56 -0.1 0.49 0.48 0.99 
COW1 32.81327 242.96784 18.76 -39.51 0.07 0.49 0.48 1.03 
COW2 32.81306 242.96805 18.66 -39.23 0.31 0.49 0.48 1 
COW3 32.81275 242.9679 18.46 -39.5 0.32 0.49 0.49 1.04 
COW4 32.81271 242.96811 18.61 -39.4 0.01 0.49 0.48 0.99 
P472 32.88921 242.89531 17.39 -39.89 2.33 0.56 0.55 2.36 
TJE1 32.53633 242.89502 19.75 -39.93 -0.56 0.37 0.36 0.94 
TJE2 32.53638 242.89427 19.88 -39.9 -0.01 0.37 0.36 0.94 
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Table 3.2. Continued.  GPS velocities relative to ITRF14. Site SWT1-4, COW1-4, TJE1-3, 
STG1-2, and WDW1-2 are campaign sites. 
 
 
Table 3.3. Slip rate and asymmetry parameter model estimates for elastic half space model. X2 
and 𝑿𝟐4  values are before normalization of GPS error. 
 RCF Rate 
(mm/yr) 
A X2 𝑿𝟐4	
Single fault homogeneous elastic half space (N=23) 
Reference Station     
SIO5 2.5 ± 2.2  19.1175 0.869 
DESC 3.4 ± 1.1  8.8044 0.4002 
POTR 2.2 ± 1.1  10.7289 0.4877 
Double fault homogeneous elastic half space (N=23) 
SIO5 2.3 ± 2.1  19.3150 0.8780 
DESC 2.9 ± 1.0  9.4246 0.4284 
POTR 1.8 ± 1.2  11.6905 0.5314 
Single fault asymmetric elastic half space (N=23) 
SIO5 5 0.171 11.2455 0.5355 
DESC 4 0.371 3.7646 0.1793 
POTR 4.3 0.111 9.4182 0.4485 
 
 
 
 
 
 
 
 
 
 
 
 
 
Site Latitude Longitude  Velocity (mm/yr) Sigma (mm/yr) 
   North East Vertical North East Vertical 
TJE3 32.53708 242.89426 19.69 -39.86 0.27 0.38 0.37 1 
STG1 32.69733 242.75092 19.76 -40.37 -0.22 0.37 0.36 0.84 
STG2 32.69665 242.75115 19.3 -40.23 -1.2 0.37 0.37 0.88 
WDW1 32.70065 242.74578 19.34 -40.13 -0.36 0.37 0.37 0.87 
WDW2 32.70009 242.7458 19.65 -40.04 0.22 0.4 0.39 0.86 
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Figure 3.1. Overview map of ICB and coastal southern California and northern Baja 
California, Mexico. Red lines are the generalized traces of region fault systems. Squares and 
triangles are GPS stations used in this study to constrain network. Inset shows locations in 
California and Baja California, Mexico. NIRCF = Newport-Inglewood-Rose Canyon Fault, 
EF=Elsinore Fault, SCF=San Clemente Fault, SDTF=San Diego Trough Fault, SMVF=San 
Miguel-Vallecitos Fault, ABF=Agua Blanca Fault. 
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Figure 3.2. Map of the San Diego region with stations used in this study to constrain elastic 
half space models. Black triangles are continuous stations and green squares are campaign 
stations. Also shown is the average strike of the Rose Canyon Fault in yellow, and fault 
geometry (red lines). Fault traces north of the international border are from the USGS fault 
database (USGS, 2019), faults south of the border are from Fletcher et al. (2014). 
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Figure 3.3. Fixed height campaign station. a) Photograph of monument STG2. b) Map view of 
intracluster baselines for sites STG1-STG2. 
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Figure 3.4. North, east, and up components of baseline between STG1 and STG2. Component 
values are shown after removal of a weighted mean and addition of arbitrary offset for 
visualization. X-axis labels show year and GPS day of year (yyyy:ddd). 
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Figure 3.5.  Single and double fault homogeneous elastic half-space models with four 
reference slip rates. GPS surface velocities and associated errors are blue squares and error 
bars. A-C are single fault models for reference stations SIO5, DESC, and POTR; D-F are 
double fault models with the Elsinore Fault at 71 km. Fault locations mark with vertical red 
line. Green labels show campaign GPS stations and black show continuous GPS stations. Inset 
shows the 𝜒2value versus slip rate for each model. Following Dixon et al. (2002), line P=0.90 
represents the probability that the 𝜒2value could have resulted from random errors, assuming 
the model is appropriate with errors that are normally distributed. This is used to estimate a 
one-sigma uncertainty for slip rate estimates in Table 3. 𝜒2values included in table 3 are prior 
to reduced 𝜒2normalization. 
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Figure 3.6. Asymmetric elastic half space model for DESC transect. GPS surface velocities 
and associated errors are plotted in blue. Also plotted are several model profiles with a slip rate 
of 4.0 mm/yr and varying values for A. 
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Figure 3.7. X2 contour plot of asymmetric elastic half-space model for DESC transect. Star 
represents the best fitting model parameters.  
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Figure 3.8. MCS profiles T196-088 (top) and T196-a792 (bottom) from south-central San 
Diego Bay. Sub-parallel distributed faulting is well imaged in T196-088 and is characteristic of 
fault structure in the northern portion of San Diego Bay in the center of the Rose Canyon Fault 
stepover. Further south faulting has consolidated onto a main strand seen in T196-a792 as well 
as a few auxiliary stands. Stratigraphic dips increase with depth against the large ‘south San 
Diego Bay Fault’ seen in T196-a792, which appears to hinge deposition in the southern portion 
of San Diego Bay. Location of profiles shown in Figure 9. 
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Figure 3.9. Map of surface velocity around San Diego relative to SIO5. SIO5 is within ~100 m 
of the surface trace of the Rose Canyon Fault. Velocities to the east of SIO5 are seen to move 
to the south-southeast, while stations to the west move to north-northwest consistent with right 
lateral motion on the Rose Canyon Fault. Based on the similarities in velocity vector, site TJE 
(composed of benchmarks TJE1-3) appears to be in the same crustal block as sites on Point 
Loma. Additionally, site TJE is seen moving in the opposite direction to NSSS, which may be 
evidence of a fault structure beneath Tijuana, Mexico and the Tijuana River. Shaded region 
represents the approximate central location of proposed rhombochasm graben of Marshall 
(1989) with either side collapsing into the shaded region.  
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4. Recency of faulting and subsurface architecture of the 
San Diego Bay pull-apart basin, California USA 
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4.1 Abstract  
 The Newport-Inglewood-Rose Canyon fault is well defined for most of its mapped trace 
from western Los Angeles to downtown San Diego, California. South of downtown San Diego, 
the southern segment (the Rose Canyon fault) splays out into a complex network of faults that 
accomplishes the subsidence of San Diego Bay. A pull-apart basin model between the Rose 
Canyon fault and the offshore Descanso fault has been suggested to explain the apparent 
subsidence and orientations of several prominent faults in northwestern San Diego Bay. 
However, this model does not explain observed northwest oriented faults in southeastern San 
Diego Bay or the La Nacion fault zone located 5-10 km outside of the proposed Rose Canyon-
Descanso pull-apart. To investigate the subsurface fault architecture and stratigraphic character 
beneath San Diego Bay we combined a suite of reprocessed legacy multi-channel seismic 
profiles with high-resolution chirp data, with age and lithology control from geotechnical 
boreholes and vibracores. Gridded horizon surfaces, fault maps, and a kinematic fault analysis 
were carried out using the combined dataset. San Diego Bay is dominated by down-to-the-east 
motion on normal faults that are separated into two distinct groups. The orientations of these 
two groups (as well as the La Nacion fault) can be explained with a double pull-apart basin 
model for San Diego Bay. In our conceptual model, the western portion of San Diego Bay is 
controlled by a Rose Canyon-Descanso fault pull-apart basin, which matches both observations 
and laboratory models. The eastern portion of San Diego Bay is controlled by a proposed Rose 
Canyon–San Miguel-Vallecitos fault pull-apart basin that matches fault orientations, but that 
kinematic analysis indicates should have a significant component of strike-slip partitioning that 
is not observed in the seismic data. The potential of a Rose CanyonSan Miguel-Vallecitos fault 
connection has important implications for the seismic hazard of the San Diego-Tijuana 
 
109 
metropolitan area (collectively home to some three million people) and highlights the need for 
additional studies to better understand faulting south of San Diego Bay. 
  
4.2 Introduction 
In the San Diego region, the Rose Canyon fault represents the boundary between the 
Peninsula Range geologic province and the complex tectonic fabric of the Inner Continental 
Borderland (ICB). The Rose Canyon fault is the southern segment of the larger Newport-
Inglewood-Rose Canyon fault system, which is the easternmost fault in the ICB and has been 
mapped as a continuous fault zone from Los Angeles to San Diego (Moore, 1972; Wright, 
1991; Sahakian, et al., 2017; Maloney et al., 2016). The ICB is composed of a series of 
northwest trending sub-parallel strike-slip faults that are segmented by stepovers and regions of 
concentrated transpression and transtension (Bohannon and Geist, 1998; Maloney et al., 2016; 
Legg et al, 1991; Legg et al., 2015; Ryan et al., 2009). A broad area of transtension exists south 
of downtown San Diego, where the Rose Canyon fault splays out into a complex network of 
faults that together accomplish the subsidence of the San Diego Bay pull-apart basin (Figure 1).  
            San Diego Bay occupies what has been called the San Diego Graben, which is a series 
of horst and graben structures that is bounded by the offshore Descanso fault to the west and 
the La Nacion fault to the east; together with the Rose Canyon fault to the north and the Tijuana 
River Valley to the south these structures define the San Diego Bay pull-apart basin (Figure 2) 
(Kennedy, 1975; Marshall, 1989; Maloney, 2013). Faults in the northwestern portion of the bay 
are well described as linking faults oriented ~30-40° to the dextral Rose Canyon and Descanso 
faults in a classic pull-apart basin model. In southeastern San Diego Bay, a series of faults has 
been imaged that together with the La Nacion fault zone are oriented at a high angle to the Rose 
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Canyon and Descanso faults, suggesting additional factors are influencing deformation in San 
Diego Bay.  
With the Newport-Inglewood-Rose Canyon fault representing a major boundary in the 
ICB and the closest fault to major population centers, its southern continuation has important 
consequences for not only understanding how strain enters the ICB, but also for regional 
seismic hazard. While the northwestern bay faults can be explained with a Descanso–Rose 
Canyon pull-apart basin model, the high angle faults to the southeast are problematic. Based on 
a variety of geologic and geophysical data, some studies have suggested that a possible 
connection between the Rose Canyon and the San Miguel-Vallecitos fault to the south may be 
present and may potentially be responsible for the orientations of the southeastern bay faults 
(Tremain, 1993; Marshall, 1989; Wiegrand, 1970). However, the exact mechanics of this 
connection remain uncertain and definitive evidence of faulting south of San Diego Bay has 
been elusive.   
Onshore, paleoseismic evidence has shown the Rose Canyon fault is active, having 
experienced several surface rupturing earthquakes throughout the Holocene (Lindvall and 
Rockwell, 1995; Singleton et al., 2019). Several swarms of small earthquakes in the 1980s 
indicate that this activity is likely not confined to the onshore segments, but continues into San 
Diego Bay (Magistrale, 1993). Indeed, in the northwestern portion of the San Diego pull-apart 
basin evidence exists that the most recent sizable event in the San Diego Region (M~6 1862 
A.D. San Diego Earthquake) may have initiated on one of the linking faults in the bay and 
continued onto the main strand of the Rose Canyon fault at Old Town (Legg and Agnew, 1979; 
Singleton et al., 2019; Marquez, 2017).  
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The northwestern portion of San Diego Bay is home to key infrastructure for the city of 
San Diego, including major Naval Bases and the Coronado Bridge. As a result, several studies 
have been conducted with the objective to resolve fault locations and activity (e.g., Kennedy 
and Clark, 1996; Maloney, 2013; Marquez, 2017; Weidman, 2019; Gingery et al., 2010). While 
some effort has been made to extend age control southward into the central portion of the bay, 
very little is known about the activity of faults south of the Coronado Bridge (Kennedy and 
Clarke, 1996). While there is evidence that some earthquakes may involve both the onshore 
Rose Canyon fault and certain offshore faults, the role that faults in San Diego Bay as a whole 
play in larger earthquakes is unknown.  
In this study, we use a combination of high-resolution seismic chirp profiles, 
reprocessed multi-channel seismic (MCS) lines, and borehole-core sampling to resolve the 
stratigraphic character and fault structure beneath San Diego Bay. These datasets are used to 
construct gridded maps of the subsurface horizons and extended mapped traces of faults to 
develop a structural framework beneath San Diego Bay. In the southern part of our study area, 
short (~3-5 m) sediment cores are used to ground-truth chirp profiles that imaged the upper ~50 
m of bay sediments with sub-meter vertical resolution and develop an age model since the last 
sea-level transgression to determine recency of faulting. Finally, a structural analysis of the 
fault orientations and regional plate boundary characteristics is performed to develop models to 
explain the observed features of the San Diego Bay pull-apart basin.  
  
4.3 Regional Geology and Local Tectonics 
The ICB is the offshore extension of the Big Bend Domain of the San Andreas plate 
boundary that dominates the tectonics of southern California. A boundary can be drawn from 
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the Salton Sea through San Diego Bay and offshore that separates faults with predominantly 
transpressional structures (leftward bends and jogs) to the north, from transtensional structures 
(rightward bends and jogs) in the south (Legg et al., 2015; Wetmore et al., 2018). Thus, the San 
Diego Bay pull-apart occupies a complex transitional area between two deformation regimes. 
Faults within the ICB play an important role in transferring 10-15% of plate motion from the 
Gulf of California around the big bend in the San Andreas fault and into the faults of the 
Western Transverse Ranges (Platt and Becker, 2010; Humphreys and Weldon, 1991). Slip is 
fed into the ICB by the faults of the Transpeninsula fault system in Baja California, Mexico, 
mainly the Agua Blanca (and associated strands) and the San Miguel-Vallecitos faults (Figure 
1). 
The Agua Blanca fault cuts across the Baja peninsula and transfers ~2-8 mm/yr of slip 
into the faults of ICB (Dixon et al., 2002; Legg et al., 1991). Within the ICB, the Descanso and 
Coronado Bank faults are associated strands of the Agua Blanca fault that help carry a portion 
of this slip northward, possibly partitioning it into the Rose Canyon fault through the San Diego 
Bay pull-apart basin (Legg, 1985; Legg et al., 1991). Studies in the 1980s and 1990s postulated 
that the Coronado Bank fault is a segment of an extensive Palos Verdes-Coronado-Agua 
Blanca fault system, but recently collected seismic data have shown that the Coronado Bank 
fault decreases in activity and continuity offshore Oceanside and does not have a clear 
connection to the Palos Verdes fault (Legg, 1985; Legg et al., 1991; Ryan et al., 2009; Brothers 
et al., 2015). Therefore, any slip carried northward by the Coronado Bank fault is likely 
transferred onto an adjacent fault structure (Conrad et al., 2018). The Descanso fault trends 
N25°W offshore San Diego (Figure 1 and 2), and may be the northern terminus of a larger 
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Estero-Descanso fault, but the exact location of the Descanso fault south of the international 
border is poorly understood due to a ‘lack of good seismic data’ (Legg, 1985).  
Reprocessed industry MCS profiles suggest that at the latitude of San Diego Bay, the 
Descanso fault is an eastern strand of the larger Coronado Bank fault system (Maloney, 2013). 
Hanging wall rollover imaged in MCS data along the eastward dipping Coronado Bank fault 
indicates a degree of soling at depth that is likely a consequence of participation in the San 
Diego Bay pull-apart basin (Maloney, 2013). This hanging wall rollover also contributes to the 
Descanso fault’s position as the western edge of the horst-and-graben structure of the San 
Diego Bay pull-apart basin. The west side down sense of displacement of the westward-dipping 
Descanso fault elevates the Point Loma peninsula relative to the surrounding region (Maloney, 
2013). Combined high-resolution chirp and MCS data show the Descanso-Coronado Bank fault 
zone reaches its locally greatest width adjacent to the deepest portion of the San Diego Bay 
pull-apart basin where it displaces the transgressive surface; northward the fault zone narrows 
and chirp data indicate a non-faulted transgressive surface, suggesting a decrease in activity on 
the Descanso fault (Maloney, 2013). Recent faulting is observed on the Coronado Bank fault 
until the La Jolla Fan (Ryan et al., 2009). Several earthquakes (M<4) from 1981 to 1997 have 
been located between the Coronado Bank and Point Loma, providing additional evidence of a 
connection between these two fault systems (Astiz and Shearer, 2000). 
The San Miguel-Vallecitos fault trends northwest across the Baja Peninsula and is well 
aligned to connect with the Rose Canyon fault (Figure 1 and 2). Mapped offsets of magmatic 
dikes suggest a small (~600-1000 m) total offset, while slip rate estimates vary considerably, 
with geologic estimates (~0.2 mm/yr) significantly lower than geodetic estimates (~2-4 mm/yr) 
(Hirabayashi et al., 1996; Dixon et al., 2002; Wetmore et al., 2011). These contrasting 
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characteristics may be an indication of the fault’s incipient nature. The San Miguel-Vallecitos 
fault is the most active fault in the ICB hosting several M>6 surface rupturing earthquakes in 
the past century and high rates of microseismicity (Hirabayashi et al., 1996; Frez et al., 2000). 
The mapped trace of the San Miguel-Vallecitos fault ends ~30 km south of San Diego Bay, but 
previous studies have postulated a connection to the Rose Canyon fault zone based on the 
alignment of warm water wells, elongated north-south trending depressions (possible sag 
ponds), offset terraces, and stratigraphic and lithological changes across the proposed fault 
lineament (Wiegand, 1970; Gastil et al., 1979; Treiman, 1993). Youthful faulting may be 
obscured by fluvial sedimentation along the Rio De La Palma and Tijuana rivers.  
Faults west of Tijuana river valley, in northernwestern Tijuana, Mexico, have been 
studied in detail by Minch (1967) and are referred to as the Los Buenos fault zone. The primary 
structural fabric in this area consists of north-south oriented normal faults that run parallel to 
the coastline, and secondary east-west and northwest-southeast oriented normal faults. The 
north-south faults are dominantly down-to-the-east (Minch, 1967), similar to faults in San 
Diego Bay. Pleistocene deposits are offset and folded along several faults, but most 
deformation appears to have occurred during the Miocene. The Pleistocene Avondale Terrace, 
mapped by Ellis and Lee (1919), is at an elevation of 350-400 feet and offset by faults in the 
Los Buenos fault zone, but north of the Tijuana River Valley the same terrace is at 200 feet and 
is not offset by faulting (Gastil et al., 1979). The Los Buenos fault zone may be a response to 
complex crustal stress conditions created by interactions between the San Miguel-Vallecitos, 
Descanso, and Rose Canyon fault systems. 
North of San Diego, the Rose Canyon fault trends ~N25°W from offshore Oceanside 35 
km south to La Jolla, where the fault takes a leftward compression bend uplifting Mt. Soledad 
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before continuing on a similar trend south along the I-5 corridor towards San Diego Bay 
(Figure 1). The Rose Canyon fault has ~4 km of total offset based on the displaced Eocene Mt. 
Soledad conglomerate and is thought to have initiated in Plio-Quaternary as the upper portion 
of the San Diego Formation is a tectono-stratigraphic unit that records the down-dropping and 
sedimentation in San Diego Bay (Kies, 1984; Tremain, 1993; Demere, 1983). The San Diego 
Formation is overlain by a series of marine terraces of Pleistocene age that are locally deformed 
in the San Diego region in response to movement on regional faults (Kern and Rockwell, 
1992).  
Just north of downtown San Diego, the Rose Canyon fault splays out into a complex 
network of faults that make up the San Diego Bay pull-apart basin (Figure 2). The 
northernmost splay trends offshore into San Diego Bay as the Spanish Bight fault. Through 
downtown, the fault zone is mapped as a western San Diego fault and an eastern zone of 
faulting that includes the “downtown graben” (Treiman, 1993; 2002; Weidman et al., 2019). 
These splays trend into the bay as the Coronado and Silver Strand faults, respectively. Gravity 
measurements indicate that San Diego Bay overlies a northwest oriented, ~20 km long, ~12 km 
wide, and 2-3 km deep basin that deepens southward reaching its greatest depth beneath south 
San Diego Bay (Marshall, 1989). The faults in the northwestern bay (Spanish Bight, Coronado, 
and Silver Strand) are well-defined and well-imaged (Figure 2). These faults have a north-
northeasterly surface trend and have been mapped from the northern portion of San Diego Bay, 
across the Coronado Peninsula, and offshore to at least the International border, where poor 
data quality prevented the establishment of a southern continuation (Legg, 1985; Maloney, 
2013). These three ‘linking’ faults all show predominantly down to the east displacement in 
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seismic data and displace sediment close to the bay floor with potential displacement of the bay 
floor on some strands (Maloney, 2013; Marquez, 2017).  
South of the Silver Strand fault, in the southeastern portion of San Diego Bay are a 
series of north-northwest trending faults that also exhibit normal motion with down-to-the-east 
displacement (Figure 2). These southeastern bay faults appear to lie outside of the Rose 
Canyon-Descanso pull-apart basin. East of San Diego Bay, the La Nacion fault zone is 
composed of North-South oriented, west dipping, anastomosing normal faults with more than 
60 m vertical offset of the Pliocene San Diego Formation (Hart, 1974). Holocene activity has 
not been observed in paleoseismic excavations (Hart, 1974) and the long-term slip rate is very 
low. The La Nacion fault has traditionally been interpreted as the eastern boundary of the San 
Diego Bay pull-apart basin.  
  
4.4 Methods 
The MCS data used in this study were collected as part of a seismic hazard assessment 
of the Coronado bridge in the mid-1990s (Kennedy and Clarke, 1996; 1999). The original 
survey collected 130 km lines of MCS with a 14-cubic inch sleeve-gun source, 24-channel 
streamer, and 3.125 m shot spacing. This work also included a transect of boreholes beneath the 
Coronado bridge (Kennedy and Clarke, 1996; 1999). Unfortunately, all of the original 
computer data (stored on magnetic tape files), were destroyed in a warehouse fire before they 
could be transferred to modern digital format, including the original navigation files. Thus, the 
only surviving copies of the seismic data were thought to be working paper copies (owned by 
the original investigators) and the figures included in the final report filed with the City of San 
Diego and the California Division of Mines and Geology (Kennedy and Clark, 1996). 
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However, a spring-cleaning effort at the offices of the US Geological Survey-Menlo Park 
unearthed a set of the original magnetic tape copies of the MCS lines collected in San Diego 
Bay. These lines were transferred to modern digital format and reprocessed through the 
Shearwater Reveal software package (Reveal, 2019). 
Through the Reveal software package, a processing scheme was developed to increase 
the resolution of the MCS data. A linear moveout and f-k filter were first applied to knock 
down noise due to streamer motion and refracted arrivals, which were especially prevalent in 
shallow San Diego Bay and in portions of the bay with large cement structures such as Naval 
docks. A water bottom mute followed by common mid-point stacking with normal moveout 
correction and velocity semblance were also applied. Following this, the data were brute 
stacked and then time migrated. Reprocessing the older MCS data with improved 
computational techniques dramatically increased the resolution at depth allowing for better 
characterization of fault geometry and stratigraphy.  
The magnetic tapes did not include navigation for the MCS lines, so the locations had to 
be digitized from the figures included in the original report. First the figures were scanned and 
georeferenced in ESRI ArcMap and the individual MCS lines were digitized. The total length 
of the digitized line was divided into equal spaced ‘shots’ at 3.125 m spacing, which is the shot 
spacing of the original acquisition (Kennedy and Clarke, 1996). Due to uncertainties in the 
digitization of the original figure, the final locations likely carry a location error of ~15-100 m. 
Borehole data were extracted from a cross-section collected beneath the Coronado bridge and 
include age constraints (radiocarbon, amino acid stratigraphy, and paleontological analysis) on 
underlying strata (Kennedy and Clarke, 1999).   
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During 2011-2013, and 2019, high-resolution seismic reflection data were collected in 
San Diego Bay using Scripps Institution of Oceanography’s Edgetech chirp profiler, operated 
with a 50 ms swept pulse of 1-15 kHz and 0.7-3.0 kHz, providing sub-meter vertical resolution 
with sub-bottom penetration up to ~50 m, and location accuracy within 5 m. Chirp data were 
processed using SIOSEIS and Seismic Unix. Both the MCS and chirp data were interpreted 
using IHS Kingdom Suite to examine changes in stratigraphy and fault geometry.  
With no tie-lines collected in the southern portion of the bay during the original MCS 
survey, we relied on several distinctive stratigraphic sequences to correlate stratigraphy 
between survey lines that were spaced on average ~400 m apart. Five distinctive sets of high-
amplitude reflectors separated packages of more chaotic to homogenous low-amplitude 
packages, and were used to separate the stratigraphy into four main units. These five horizons 
were mapped across the study area to observe changes in stratigraphic character. Using IHS 
Kingdom Suite software, gridded surfaces of the mapped horizons were generated for improved 
visualization. Due to the geometry of the original MCS survey, occasional large (~800 m) areas 
of the gridded surfaces are without data to constrain the interpolation.  
In the southern portion of San Diego Bay, shore-based vibracores provide ground-
truthing and age correlation for the southern chirp profiles. The cores were split, photographed, 
and described, before being scanned for magnetic susceptibility to aid in stratigraphic 
correlation. The cores were then sampled for datable material, which were dated for 
radiocarbon ages by accelerated mass spectrometry at the University of California-Irvine Keck 
Carbon Lab. An age model was constructed using OxCal v4.3.2 and Marine Calibration Curve 
13 (Bronk Ramsey, 2017; Reimer et al., 2013) with a local reservoir age of 171 ± 154	years 
before present (Holmquist et al., 2015). 
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To develop kinematic models of the San Diego Bay pull-apart basin, the surface trends 
of faults potentially involved with the San Diego Bay pull-apart basin were measured within 
1.5 x 1.5 km grid cells from an overlay of a recent fault map (Kennedy and Tan, 2005). 
Averages of fault trends were calculated using Fisher statistics. Assuming plate motion 
provides boundary conditions, and deformation of a continuum provides the best kinematic 
analysis (McKenzie and Jackson, 1983; Fossen and Tikoff, 1993), the relationship between 
plate motion, instantaneous strain axes, and degree of strike-slip partitioning were used to 
distinguish between two end members: wrench (simple-shear) dominated and pure-shear 
dominated deformation (Fossen and Tikoff, 1993). Together with the regional plate motion 
boundary conditions, the orientations of regional faults and the deformation indicated by the 
kinematic analysis were used to construct a potential model to explain faulting in the San Diego 
Bay pull-apart. 
  
4.5 Results 
4.5.1 Observations from nested MCS and chirp datasets with age control 
Reprocessing the legacy MCS data resulted in good-quality, usable data down to ~450-
500 ms two-way travel time (twtt), and imaged many of the fault segments previously mapped 
in San Diego Bay. The processed chirp data resulted in sub-meter vertical resolution seismic 
images down to ~50 ms twtt (~40 m using a sonic velocity of 1500 m/s). Previous studies in 
San Diego Bay have delineated relatively narrow fault zones in the northwestern portion of the 
bay that trend north-south across the width of the bay (e.g., the Spanish Bight, Coronado, and 
Silver Strand faults) (Kennedy et al., 1975; Kennedy and Clarke, 1996; Maloney, 2013; 
Marquez, 2017; USGS, 2019). The southeastern portion of the bay is characterized by short 
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discontinuous fault segments and is comparatively understudied (USGS, 2019; Kennedy and 
Clarke, 1996).  
In the northernmost portion of the bay, previous observations are confirmed as both the 
Spanish Bight and the Coronado faults exhibit dips of ~75° and ~85° eastward, respectively, 
northerly trends, and down-to-the-east sense of displacements. The Silver Strand fault is a 
major fault in San Diego Bay and dips ~82° east with ~100 m of down-to-the-east displacement 
of the horizon 5 surface observed in the Glorietta Bay area (Figure 3). However, poor data 
quality on the western side of the Silver Strand fault hampered efforts to correlate stratigraphy 
across the fault confidently, therefore the amount of displacement may be significantly 
different. Nevertheless, the amount of displacement on the Silver Strand fault appears to 
decrease northward toward downtown San Diego. 
South of the Coronado Bridge, fault segments are generally northwest trending, 
discontinuous, and exhibit a down-to-the-east sense of displacement (Kennedy and Clarke, 
1996; Kennedy and Moore, 1975). Occasional small, ~50-300 m, northeast trending fault 
segments with variable senses of displacement are also observed. By combining the MCS and 
chirp datasets, the surface traces of short discontinuous fault segments are extended to form 
longer continuous faults in San Diego Bay (Figure 2). Two of these continuous faults (D1 and 
SB1) appear to be major structures in the southeastern portion of the bay and exert a control on 
deposition. Fault D1 is located just south of the Coronado Bridge and trends ~N10°W towards 
the Silver Strand. To the east, Fault SB1 trends ~N25°W and is aligned with the long axis of 
the bay. Given the uncertainty associated with the MCS navigation from georeferencing, fault 
locations are determined from chirp profiles where possible.  
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The combined MCS and chirp datasets show a continuation of the previously mapped 
D1 fault from Kennedy and Clarke (1996). We confirm and extend its trace south from the 
Coronado Bridge towards the Silver Strand (Figure 2 and Figures 3-5 moving north to south). 
Fault D1 dips steeply to the east for its entire length, but changes its sense of slip from locally 
down-to-the-west in the north near the intersection with the Silver Strand fault and the faults of 
the “downtown graben”, to down-to-the-east southward. As first noted by Kennedy and Clarke 
(1996), at the latitude of the Coronado Bridge, Fault D1 forms a localized horst and graben 
structure with the adjacent Silver Strand and downtown graben faults (Figure 3). Faulting 
associated with D1 is distributed across several closely spaced strands that are typically 
observed in the footwall of the main fault, and appear to act as a localized nested graben to 
accomplish the down-to-the-east sense of motion (Figure 4). Towards the southern end of the 
mapped trace fewer auxiliary strands are observed (Figures 4 and 5). Occasional strands located 
in the hanging wall dip west and exhibit a down-to-the-west sense of motion as a result of 
hanging wall collapse (Figure 5).  
Increasing stratigraphic dips and progressively larger offsets with depth are observed 
along D1 in the MCS data indicating its control on deposition in the south central portion of the 
bay (Figures 4 and 5). Figure 6 shows that as Fault D1 extends away from the intersection with 
the Silver Strand fault, the horizon 5 surface reaches its locally greatest depth of ~163 m and 
begins to shallow southward. Furthermore, Fault D1 appears to control the pathway of Chollas 
Creek, which is diverted southward upon contact with the fault trace and follows the fault 
towards the Silver Strand (Figures 4, 5, 7, 8, and 9). Chollas Creek follows Fault D1 south with 
the western channel bank potentially aligning with a paleo-scarp of Fault D1; the paleochannel 
intersects with the larger Sweetwater River paleochannel and exits San Diego Bay through the 
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Silver Strand (Figures 7 and 9). The exact location where the paleochannels breach is unknown 
due to gap in data coverage, but chirp profiles indicate that these paleochannels did not flow 
south of the current Sweetwater channel and likely exited between Crown Cove and Fiddlers 
Cove (Figure 9). 
Potential recency of faulting for D1 is difficult to establish due to the shallow location 
of the first multiple reflection in chirp data and a general lack of coherent reflectors in the water 
saturated upper ~5 ms of data. The inset of Figure 3 shows a chirp profile near pier 18 that 
crosses Fault D1. The high-amplitude irregular surface that is displaced across Fault D1 and 
adjacent faults has been dated by amino acid stratigraphy and paleontological analysis (from a 
borehole adjacent to pier 18) to most likely correlate with MIS stage 5e (Kennedy and Clarke, 
1996). Additional radiocarbon dates from beneath the Coronado Bridge may suggest that this 
fault is Holocene active, but conclusive evidence is not present in the high-resolution chirp 
profiles (Kennedy and Clarke, 1999). 
Fault SB1 is a large fault in the southernmost portion of the study area that dips steeply 
to the east and exhibits a down-to-the-east sense of motion (Figure 2 and Figures 4, 5, 8, 10). 
The character and geometry of Fault SB1 is variable along strike; in the south displacement is 
concentrated onto a single fault and occasional hanging wall splay (Figure 10), as the fault 
trends northward deformation becomes distributed onto a series of sub-parallel fault strands 
that continue to have down to the east sense of motion (Figure 4). Figure 10 shows a nested 
chirp and MCS line that images Fault SB1’s down-to-the-east sense of displacement, which 
develops into a negative flower structure towards the surface.  
Figure 11 shows a fence diagram of southern chirp lines used to extend SB1’s northern 
segment and connect it with a similar length segment that extends beyond our data coverage 
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into the southern extreme of San Diego Bay. The MCS data show progressively increasing 
offsets and stratigraphic dips with depth associated with the Fault SB1. Observed down-to-the-
east offsets across SB1 in Figure 10 include an offset of ~11 m for horizon 1, an offset of ~21 
m for horizon 2, an offset of ~25 m for horizon 3 and 4, and an offset of ~32 m for horizon 5 
(Figure 10). Additionally, growth strata terminating against the fault are imaged in the high-
resolution chirp data (Figures 10, 11, and 12).  
Fault SB1 may offset a high amplitude irregular reflector with characteristics suggesting 
a sea level low-stand, although the location of the multiple makes interpretations difficult 
(Figures 10 and 11). In Figure 10, a bright high-amplitude reflector is observed to terminate 
directly above the potential low-stand reflector and trace of Fault SB1. This truncated reflector 
could be an indication of recent faulting, or may be the result of data resolution loss from fluid 
flow which is seen in the water column and has indented the seafloor above SB1. Therefore, 
although SB1 appears to exert some control on the geometry of the older Pleistocene low-stand 
deposit, no definitive evidence of Holocene movement is observed.  
The gridded horizon 5 surface shows that the stratigraphy of southern San Diego Bay 
generally dips towards the west with several depositional basins formed by down-to-the-east 
movement along the Silver Strand, D1, and SB1 faults (Figure 6). For Fault D1, the horizon 5 
gridded surface shows that subsidence reaches its greatest depth just south of the intersection 
with the Silver Strand fault and faults of the downtown graben, a pattern similar to that 
observed along the Silver Strand fault. Amino acid stratigraphy and paleontological analysis of 
material collected adjacent to pier 18 of the Coronado Bridge suggests mid-Pleistocene deposits 
at a depth of at least ~140 m, a depth similar to the interpreted depth of horizon 5 in the area. In 
the south central portion of San Diego Bay, a smaller more westerly oriented area of subsidence 
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is located between the overlapping tips of Fault D1 and Fault SB1 (Figure 6). This localized 
westerly oriented area of subsidence appears to correspond with a decrease in subsidence 
associated with Fault SB1 moving northward, and Fault D1 moving southward. 
Stratigraphic dips are variable across the three main faults in south San Diego Bay. In 
the vicinity of the Coronado Bridge, the Silver Strand fault separates moderate to steeply 
westward dipping stratigraphy in the east, from gently flat lying to gently westward dipping 
stratigraphy to the west (Figure 3). Moving southward the stratigraphy of the eastern portion of 
the bay continues to dip west, but Fault D1 begins to accommodate more of the subsidence, and 
strata are observed to dip more steeply into D1 than in the north (Figures 4 and 5). Similar to 
the Silver Strand, the stratigraphy west of Fault D1 continues to dip gently westward, possibly 
a result of the offshore Silver Strand fault. South of the localized area of more westerly oriented 
subsidence between D1 and SB1 in the south central portion of the bay, this pattern of 
westward dips across faults shifts (Figures 6 and 8). The stratigraphy in the eastern portion of 
the bay continues to dip westward, but becomes more concentrated on Fault SB1. The 
steepness of dips progressively increases from north to south along SB1, with the steepest dips 
observed along the southernmost profile. Interestingly, the stratigraphy on the west side of SB1 
changes from gently flat lying to slightly eastward dipping southward (Figures 8 and 10). 
The spatial width of faulting is also variable along strike (Figure 2). Near the 
intersection between the Silver Strand, “downtown graben” faults, and Fault D1, faulting is 
confined to a relatively narrow zone. Southward of this intersection, the spatial width between 
the main fault strands and the number of associated strands increases toward the central part of 
the bay. This trend appears to reverse with faulting becoming more concentrated by the 
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southernmost MCS line (T196-a792; Figure 10) with a majority of the displacement observed 
on Fault SB1 and a couple of adjacent fault strands in the MCS data. 
In the southwest corner of the study area, chirp data image two subparallel northeast 
trending auxiliary faults that extend from beneath the Silver Strand ~500 m into the bay to form 
a localized pop-up structure (Figure 13). The western strand appears to displace sediment 
within ~ 2 ms twtt of the bay floor and displaces the locally extensive irregular reflector 
interpreted to represent sea level low-stand, approximately ~5.7 m (Figure 14). In this area 
(Crown Cove), both the chirp profiles and the northeast trending fault are within 10-50 m of the 
shore and offer an opportunity for low-cost shore-based coring to ground truth the chirp data. 
Three cores were collected on a sand spit that has built out ~80 m since dredging of the area in 
1945. Figure 15 shows the core locations, chirp profiles, and shorelines for a variety of periods. 
The 1941 aerial photograph (Figure 15d) and 1927 Nautical Chart (Figure 15e) show that the 
cores were collected at the pre-development shoreline on a subaerially exposed salt marsh or 
tidal flat.  
The lithology of the cores consists of three main packages (Figure 16). The upper ~3 m 
of the cores are interpreted to be related to the post-dredge sand spit build out and deposition 
based on sediment characteristics and modern radiocarbon dates (Table 1 and Figure 17). Most 
of this artificial fill section consists of medium to fine grained clastic sands with abundant 
broken shell fragments. The lower portions of the artificial section vary between cores, with 
CC11 and CC13 exhibiting peaty sand deposits overlying a silty-sand section and core CC12 
exhibiting cross-bedding of medium to fine sands, interpreted to be related to sand spit build 
out. A potential sand blow or liquefaction feature is observed in the cross-bedded section of 
core CC12 located above the interpreted dredge surface. The dredge surface is a sharp contact 
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that separates coarse sands above from clayey-silts below that are interpreted as marine or 
estuarine origin. The marine/estuarine clayey-silts are generally dark grey to very dark grey 
with occasional medium to fine sand stringers and scattered shells, both fragmented and whole. 
The lowest portion of the cores consists of alternating medium-coarse sands and marine silts 
that give way to oxidized coarse sands as seen in cores CC13 and CC12 (Figure 16). The 
contact between the basal sands and marine silts is sharp, and the lower basal sands are 
interpreted to represent the most recent sea-level transgression. Datable material collected 
throughout the natural portion of the cores gives an approximate age of ~1294 years before 
present (yrs BP) for the inundation of the Silver Strand bay side shoreline (Figure 17).  
Figure 13 shows chirp line SSB02 with the location and approximate depth of the three 
cores. The sharp contact between the basal sands and overlying marine/estuarine silts should 
produce a high enough acoustic impedance contrast to be imaged in the chirp data. At the base 
of the cores in Figure 13, a medium to high amplitude irregular surface is seen diverging from 
the pop-up structure at the corresponding depth to be the inundation / transgressive surface 
observed in the cores. This surface is separated from the lower low-stand surface by a 
transparent homogenous package infilling the accommodation space that appears created by 
movement on the pop-up structure faults. To the east of the cores, the interpreted inundation 
surface looks to merge with the interpreted low-stand surface as part of the pop-up structure, 
and may then diverge again to the east (Figure 13). 
Line SSB05 runs north-south perpendicular to SSB02 and images the western strand of 
the pop-up structure faults (Figure 14). SSB05 also images a small portion of the undredged 
San Diego Bay and shows a mostly homogenous sediment package overlying the interpreted 
low-stand surface. The western strand of the pop-up structure displaces sediment that may 
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correspond to the inundation surface observed in the Crown Cove cores, which would indicate 
movement in the last ~1,300 years.  
 
4.5.2 Structural Analysis 
Traditional conceptual models for pull-apart basins cannot fully explain the deformation 
patterns and fault geometry we observe in the San Diego Bay pull-apart basin (Figure 18). A 
Rose Canyon-Descanso fault pull-apart basin model can predict the orientation of faults in the 
northwestern portion of the basin (the Spanish Bight, Coronado, and Silver Strand faults), 
which are oriented at ~30-40° to the master strike slip faults.  However, the northwest trending 
faults in the southeastern portion of the bay, as well as the La Nacion fault, are oriented at a 
high angle to the Rose Canyon fault, conflicting with a classical pull-apart basin model and 
suggesting the possibility for additional influences from other regional faults. Therefore, 
towards developing a more accurate model for the San Diego Bay pull-apart basin, we conduct 
a kinematic analysis using the regional fault orientations and plate boundary conditions to 
explain the faulting seen in the San Diego pull-apart basin in terms of two end member models, 
simple shear dominated and pure shear dominated transtension.   
The north-northeastly trending oblique faults in the northwestern half of the San Diego 
Bay pull-apart basin (hereafter referred to as Group-1 faults) have three primary splays: the 
Spanish Bight, Coronado, and Silver Strand faults (Figure 1 and 2) (Kennedy and Welday, 
1980; Kennedy and Clarke, 1999). Group-1 faults have an average strike of N1.5°E. The north-
northwesterly trending faults in the southeastern part of San Diego Bay (hereafter referred to as 
Group-2 faults) have an average strike of N22.7°W. Faults in the La Nacion Fault zone have an 
average strike of N8.7°W.  
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Table 2 provides the average surface trends represented in Figure 18 for faults in 
Group-1, Group-2, and the La Nacion Fault zone (thin solid lines), the trends of major strike-
slip faults (thick dashed lines), plate motion vectors (large outlined arrows) and maximum and 
minimum horizontal stress directions (solid black arrows). We assume faulting observed in the 
sedimentary basin is representative of faults in the basement. The maximum horizontal 
compressional stress orientation, σc, is assigned N7°E (Hardebeck and Hauksson, 1999;  
Hardebeck and Hauksson, 2001) and the maximum horizontal extension direction, σe , is 
assumed to be 90° to σc .   
The Group-1 trend is nearly parallel to σc , perpendicular to σe , and is oriented ~40° to 
the trend of the Rose Canyon and Descanso faults. This geometry is well described by both 
analog and numerical models of pull apart basins (e.g. Dooley and McClay, 1997; Dooley and 
Schreurs 2012; van Wijk et al, 2017). Testing our observations with kinematic models yields a 
similar result. Following the method of Teyssier et al., (1995), we assign 𝛼 to be the angle 
between the plate margin and plate motion vector (N43°W), and 𝜃 to be the angle between the 
direction of maximum instantaneous horizontal extension (assumed to be coaxial with σe) and 
the plate margin. Assuming that the average trend of Rose Canyon fault and Descanso fault 
(~N26°W) acts as the plate margin boundary for the San Diego Bay pull-apart basin, we find 
that 𝛼 = 17° and 𝜃 = 57°. These values are in close agreement to the predicted value of 54° 
using 𝜃 = 1/2(𝛼+ 90) (Tikoff and Teyssier, 1994). Furthermore, these values for 𝛼 and 𝜃 also 
indicate that the proposed Rose Canyon-Descanso basin would be simple shear dominated, 
with ~80% of the deformation between the Rose Canyon fault and the Descanso fault being 
accommodated through normal faulting. Figure 19b represents our conceptual model to explain 
the orientation of Group-1 faults in terms of a Rose Canyon-Descanso fault connection.  
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Although no definitive evidence for a connection between the Rose Canyon fault and 
San Miguel-Vallecitos fault has been published, we believe based on kinematic relationships 
that the structure of the Group-2 and La Nacion faults are partially controlled by the San 
Miguel-Vallecitos fault, with its northernmost segment, the Vallecitos fault, mapped ~30 km 
southeast of San Diego Bay. The Group-2 and La Nacion fault zones are oriented at 27° and 
41°degrees to the San Miguel-Vallecitos fault, which trends ~N50°W. If we assume dextral 
motion along a Rose Canyon–San Miguel-Vallecitos system, rather than the Rose Canyon–
Descanso system, provides plate boundary conditions for Group-2 faults, we can apply the 
same ideas to test for kinematic relationships. This geometry yields values of 𝛼 = 5°and 𝜃 =
45°, which are in close agreement with the predicted value of 𝜃 = 50° (Tikoff and Teyssier, 
1994). This geometry would implie that the eastern San Diego pull-apart basin would be 
strongly simple shear dominated with 0% strike-slip partitioning (Teyssier et al., 1995).  
However, the oblique angle of Group-2 faults and the La Nacion fault system to the 
maximum compressional stress σc, may be an indication that the maximum horizontal 
extensional stress direction, σe, is not the best representation of the minimum instantaneous 
shortening direction for the eastern portion of the San Diego Bay pull-apart basin. 
Alternatively, if we assume that the minimum instantaneous shortening direction is oriented 
perpendicular to the average trend of Group-2 faults we determine a value of 𝛼 = 5°and 𝜃 =
75°, which would indicate a strongly simple shear dominated basin but with 90% strike-slip 
partitioning. Assuming that the minimum instantaneous shortening direction is perpendicular to 
the average trend of the La Nacion fault zone we find that 𝛼 = 5°and 𝜃 = 61°, again indicating 
a strongly simple shear component to deformation but with slightly less strike slip partitioning 
at 80%. Either way, the observed geometry in Figure 18 and the kinematic analysis suggests 
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Group-2 is experiencing simple-shear transtension influenced by the San Miguel-Vallecitos 
system. The difference between Group-2 and La Nacion trends may be attributed to a mid-
basin transition zone, where the western margin of Group-2 is influenced by the Rose Canyon-
Descanso stepover, but the La Nacion fault zone is oriented optimally if a stepover exists 
between San Miguel-Vallecitos fault and Rose Canyon fault (Figure 19c). 
 
4.6 Discussion 
4.6.1 Subsurface architecture, fault linkage, and stratigraphic controls beneath San Diego 
Bay  
As shown in the gridded horizon surface and MCS profiles presented in this chapter, 
faults D1 and SB1 exert a major influence on the stratigraphic character of southeastern San 
Diego Bay. Together with the faults of Group-1, the collective east side down displacement 
results in the distribution of localized depositional centers throughout San Diego Bay, and may 
therefore be manifestations of terraced sidewall faults that are observed in analog models of 
pull-apart basins (Figure 6) (Dooley and McClay, 1997; Rahe et al., 1997; Dooley and 
Schreurs, 2012). The two groups of faults would represent terraced sidewall faults for two 
separate pull-apart basins (Figure 19b,c), with Group-1 faults representing the western 
boundary of a western basin, and Group-2 faults representing the western boundary of an 
eastern basin, with a transition zone in between.  
The spatial pattern of subsidence observed in the gridded surface for horizon 5 in the 
southeastern portion of San Diego Bay suggests that the potential terraced sidewall faults 
(faults D1 and SB1) may be playing a more significant role than simply accommodating 
localized subsidence and deposition. As mentioned previously, the localized westerly oriented 
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area of subsidence in the south-central portion of San Diego Bay lies between D1 and SB1, and 
corresponds to a decrease in the apparent displacement on both faults. Fault SB1 
accommodates a larger amount of apparent displacement southward (compared to its northern 
segment), while Fault D1 accommodates greater displacement northward (again compared to 
its southern segment). A possible explanation for the apparent change in displacement gradients 
is that the faults located in the westerly localized area of subsidence represent a relay structure 
that is connecting these two potential sidewall faults (Figure 5 and 6) (Dooley and McClay, 
1997; Fossen and Rotevatn, 2016). Relay structures typically form in areas of overlap between 
two closely spaced normal faults (Fossen and Rotevatn, 2016).  
The relay faults would act to transfer displacement from fault D1 to fault SB1, 
effectively placing the fault tips of SB1 and D1 in a stress shadow and shutting down 
displacement on the fault sections between the relay structure and the fault tip (Fossen and 
Rotevatn, 2016). The presence of relay faults linking these two terraced sidewall faults would 
imply that the western pull-apart basin may be starting to develop through-going linking faults 
between the master strike slip segments. Such a through-going fault is a common feature in 
models of pull-apart basins (Dooley and McClay, 1997; van Wijk et al., 2015; Wu et al, 2009; 
Rahe et al., 1997; Dooley and Schreurs, 2012). The subsidence associated with the relay faults 
is a potential indication that the relay structure has been breached and a linked sidewall fault 
has developed (Dooley and McClay, 1997; Fossen and Rotevatn, 2016). However, the variable 
spatial distribution of the MCS lines does not allow for complete mapping of the relay structure 
so the full extent of the connection is uncertain.  
If the short discontinuous segments in the southern extreme of San Diego Bay that are 
similarly oriented to SB1, are in fact one continuous fault (Figure 1 and 2), then the linked D1-
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SB1 fault would extend ~9 km and be oriented sub-parallel to the long axis of the bay. The 
linked D1-SB1 fault would then be favorably oriented with the gravity anomalies and the 
interpreted crystalline basement that underlies the San Diego pull-apart basin (Marshall, 1989; 
Elliot, 1970). Additionally, the deepest portion of the basin is located beneath south San Diego 
Bay and coincides with the approximate area where SB1 begins to accommodate increased 
subsidence (Figure 10) (Marshall, 1989). The similar orientation between the potential linked 
sidewall basin fault (D1-relay-SB1 structure) and the gravity anomalies/crystalline basement 
suggests a connection between potential basement faults and faults D1-SB1.  
In addition to the development of linked sidewall faults, the spatial distribution of faults 
and the sense of displacement in San Diego Bay is also consistent with analog and dynamic 
models of pull apart basins. In the northern portion of the bay, the Spanish Bight and Coronado 
faults are located near the northern termination of the potential Rose Canyon-Descanso fault 
pull-apart basin (Figure 2 and 19b). High-resolution chirp data image stratal-collapse into the 
fault zone and rotated wedges associated with both faults in the upper ~50 m of bay sediments 
(Maloney, 2013, Marquez, 2017). These types of sedimentary structures are typically 
associated with areas of localized transtension and the development of negative flower 
structures in strike-slip environments (Yeats et al., 1997). Offshore of the Coronado Peninsula, 
combined chirp and MCS data image predominately dip slip displacement for the Group-1 
faults (Maloney, 2013). Both observations are consistent with analog models of pull-apart 
basins that predict the formation of negative flower structures and nested grabens close to the 
principal displacement zones, and increasing dip slip motion towards the center of the pull-
apart basin (e.g., Dooley and McClay, 1997; Rahe et al., 1997; Dooley and Schreurs, 2012). 
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The Group-2 faults located in the southeastern portion of San Diego Bay exhibit a 
similar characteristic with normal, down-to-the-east displacement observed to decrease on fault 
D1 towards downtown San Diego, as well as a consolidation of adjacent fault strands to form a 
localized nested graben structure with the Silver Strand and downtown graben faults near the 
edge of the interpreted eastern pull-apart basin (Figure 19c) (Kennedy and Clarke, 1996). 
Towards the center of the proposed eastern pull apart basin, increased dip slip motion is 
observed on D1 as well as an increase in the number of adjacent strands. Both observations are 
consistent with analog models of pull-apart basins (Dooley and Schreurs, 2012). However 
south of the potential relay structures, fault SB1 deviates from the analog model. As observed 
in the southernmost seismic profiles (Figures 8 and 10), the stratigraphy west of fault SB1 
changes from gently westward dipping north of the relay structures, to flat-lying and then 
gently eastward dipping towards the south. This collapse into the main strand of SB1 and the 
formation of a negative flower structure observed in line T196-a792 suggests that this region of 
the eastern San Diego Bay pull apart basin may be experiencing an increased strike-slip 
component of deformation. The presence of the localized pop-up structure to the west of SB1 
provides additional evidence of an increased strike-slip component. The location of such a 
structure (characteristic of transpression) in the middle of a pull-apart basin is interesting, but 
may be explained as the formation of a cross-basin fault, which frequently exhibit localized 
transpression in analog pull-apart basins models (Dooley and McClay, 1997; Rahe et al., 1997; 
Dooley and Schreurs, 2012). Alternatively, the localized pop-up may be the result of a reversed 
polarity structure from unidirectional rupture on the master strike-slip segments (Ben Zion et 
al., 2012).  
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The diversion of Chollas Creek southward by fault D1 and the paleochannel’s western 
bank alignment with the fault’s potential paleoscarp, may be evidence for D1’s activity during 
the last glacial maximum (LGM) when Chollas Creek would have been draining through the 
subaerially exposed San Diego Bay. Offshore San Diego Bay, recent work has successfully 
mapped several paleochannels interpreted to be formed during MIS stage 2 that extend away 
from San Diego Bay and the Point Loma peninsula (Graves, 2017). The location of interpreted 
extension of the Sweetwater paleochannel offshore, matches very well with the location of 
interpreted breaching of the Silver Strand by the combined Sweetwater-Chollas Creek 
paleochannel imaged within the bay (Figure 9) (Graves, 2017). Additionally, the presence of 
potential fluid flow along SB1 imaged in the southern chirp profiles suggests that the faults of 
the southeastern San Diego Bay pull-apart may provide a vertical pathway for the regional 
subsurface hydrologic system. 
4.6.2 Conceptual model for the San Diego Bay pull-apart basin  
Since the 1970s, considerable work has focused on understanding the nature of pull-
apart basins and regions experiencing transtensional deformation. Three different approaches 
are typically used to model 3-dimensional deformation and slip patterns in relation to fault 
geometry and structural development: (1) Analog models involving laboratory experiments 
using clay and sand as proxies to crustal deformation (Dooley and McClay, 1997; Rahe et al, 
1998; Wu et al., 2009), (2) kinematic models based on static stress and strain conditions, plate 
motion boundary conditions, and assumed material properties (Sanderson and Marchini, 1984; 
Fossen and Tikoff, 1993; Teyssier et al., 1995; Tikoff and Teyssier, 1994), and (3) dynamic 
models grounded in continuum mechanics and conservation laws focused on temporal changes 
in a system by use of finite element simulations (Rogers, 1980; Golke et al., 1994; van Wijk et 
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al., 2017). With conventional pull-apart basin models unable to explain the various orientations 
of the Group-1, Group-2, and La Nacion faults, we provide a new structural interpretation for 
the San Diego Bay pull-apart basin and compare it to results from these three types of models. 
As discussed previously, the ~40° orientation between the linking Group-1 faults and 
the master strike slip segments (the Rose Canyon and Descanso faults) is consistent with most 
classical descriptions of pull-apart basins and with all three model approaches discussed above 
(Mann, 1983; Burchfiel et al., 1987). Both analog and dynamic models show sidewall faults at 
a ~35-40° angle to non-overlapping principle displacement zones (representative of the Rose 
Canyon–Descanso system), and the formation of a single basin (Rahe et al., 1998; Rogers, 
1980; Golke et al., 1994; van Wijk et al., 2017). The results of the kinematic analysis suggest 
that wrench dominated transtension (simple shear) with minimal amounts strike-slip 
partitioning is expected between a Rose Canyon-Descanso system. Since the basin faults are 
kinematically linked to the master strike-slip faults this result is expected, and supported by 
observations of progressively increasing dip slip towards the center of the western pull apart 
basin, with minor amounts of potential strike-slip deformation observed near the edge of the 
stepover on the Spanish Bight and Coronado Bank faults. Figure 19b illustrates our conceptual 
model for Group-1 faults. 
Based on the near parallel alignment between Group-2 faults and a potential Rose 
Canyon–Descanso pull-apart (Figure 19a,b); analog, kinematic, and numerical models of pull-
apart basin development would predict strike-slip dominated motion along Group-2 faults and 
would imply they are simply a southern extension of the Rose Canyon fault.  However, most 
evidence shows normal dominated deformation in the opposite sense, away from the pull-apart 
basin. In addition, the presence of the La Nacion fault system, which is between 5 and 10 km 
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outside the master fault segments, is difficult to explain by the Rose Canyon-Descanso fault 
stepover model (Figure 19b). Therefore, we proposed that the faults in the eastern portion of 
the basin are controlled/influenced by a Rose Canyon-San Miguel-Vallecitos connection. The 
more favorable orientation of Group-2, and especially the La Nacion faults, to a potential Rose 
Canyon-San Miguel-Vallecitos pull apart model (~27° and ~41° respectively), provide some 
evidence that such a model is valid (Figure 19c). However, the results of the kinematic analysis 
suggest that the deformation between the principal displacement zones in such a model should 
exhibit a strong degree of strike-slip partitioning; contrasting with the normal dominated 
displacement observed in the proposed eastern basin. Interestingly, several indicators of 
increased strike-slip deformation are observed in the southernmost seismic data (i.e., negative 
flower structure above SB1 and the auxiliary pop-up structure), which may be an indication of 
increasing strike-slip deformation. 
With the pervasive down-to-the-east fault motion in San Diego Bay, it appears that the 
right-step between the Rose Canyon and Descanso faults dominates the overall basin 
architecture. However, based on the more favorable geometry of the San Miguel-Vallecitos 
system it appears to be responsible for the different orientation of Group-2 faults, the La 
Nacion fault zone as well as the uplifted, faulted region in northwest Tijuana, Mexico. 
Translation and rotation of crustal blocks has been invoked to explain the tectonic evolution of 
the ICB (e.g., Nicholson et al., 1994), therefore we conceptually describe the kinematics of the 
San Diego region as an interaction between three brittle, upper crustal blocks. In Figure 20 
consider block B as a reference block, with blocks A and C both moving northwest at different 
rates, but nearly identical azimuths. Boundaries between blocks are defined by major faults: the 
Rose Canyon fault (block A and B boundary), the Descanso fault (block A and C boundary) 
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and the San Miguel-Vallecitos fault (block C and B boundary). The orientation of the boundary 
faults relative to block motion vectors can explain the various structural domains in and around 
the San Diego Basin.  Regions 1-4 in Figure 20 are distinct deformation zones corresponding to 
Group-1 faults (1), Group-2 faults (2), the Los Buenos fault zone (3) and the transition zone 
between Group-1 and Group-2 faults (4). 
Regions 1 and 2 are described by the corresponding pull-apart basin models (figures 
19b,c), with some complex overprinting occurring at the boundary and in region 4. As first 
noted by Kennedy and Clarke (1996), ‘fault D1 is a major fault in San Diego Bay that separates 
the northwest trending faults of south San Diego Bay from the more northerly trending faults in 
the north bay’; therefore, the transition between Group-1 and Group-2 is likely to exist between 
the D1 and Silver Strand faults, and may be located directly beneath the current Silver Strand 
tombolo. Region 4 likely experiences competing hanging wall subsidence associated with 
Group-1 faults overprinting footwall effects of Group-2, or vice versa. The uplift of region 3, 
based on elevation differences between Pleistocene terrace deposits (Ellis and Lee, 1919) can 
be described by footwall uplift across a broad zone of down-to-the-east normal faults. This 
creates a heterogeneous strain field responsible for the complex deformation in northwestern 
Tijuana, where transtensional deformation from the San Diego basin is overprinting regional 
scale (and likely older) transpressional deformation.  
We put forward this conceptual block model to provide a first order starting point to 
begin resolving questions about the San Diego pull-apart basin. San Diego Bay appears to 
occupy a complex region of subsidence overlying two competing pull-apart basins. Our 
conceptual model does not however address several observations and features related to the San 
Diego Bay pull-apart basin. For example, no clear connection between the La Nacion fault 
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system and the Rose Canyon fault has been identified, as our model predicts would exist. 
Additionally, no conclusive evidence for recent movement on the La Nacion fault has been 
published despite its apparent structural relationship to the San Diego Bay pull-apart basin. The 
apparent asymmetry of the San Diego Bay pull-apart basin with both Group-1 and Group-2 
faults appearing to collapse into the La Nacion fault (or an unmapped eastern strand of the Rose 
Canyon fault) is not addressed by our model.  
4.6.3 Recency of Faulting and Seismic Hazard 
The Pleistocene marine terraces and sea level low-stand observed in the seismic data are 
used for subsidence and slip rate estimates in San Diego Bay. The offset bright amplitude 
reflector image by chirp data adjacent to pier 18 of the Coronado Bridge (inset Figure 3), likely 
corresponds to the MIS stage 5e Nestor Terrace as indicated by amino acid stratigraphy and 
paleontological analysis. The Nestor Terrace is located at an elevation of 22-23 m at Point 
Loma and dates to ~120 ka (Muhs et al., 1988; Kern and Rockwell, 1992). Using an average 
elevation ~ -18 m for the Nestor Terrace adjacent to the Coronado Bridge and assuming that 
both locations are experiencing the same regional uplift rate of 0.13-0.14 mm/yr, an 
approximate subsidence rate for the central portion of San Diego Bay is 0.34 mm/yr. Using the 
apparent 4 m offset of the Nestor Terrace across the associated strand of fault D1 yields an 
apparent vertical slip rate of 0.03 mm/yr for that auxiliary strand. Alternatively, the high 
amplitude reflector interpreted to represent the Nestor Terrace, may have been overprinted with 
the MIS stage 5a Bird Rock Terrace (~80 ka), as has been observed in other locations around 
San Diego (Kern and Rockwell, 1992). Using a 9-11 m elevation for the Bird Rock Terrace on 
Point Loma yields an estimated subsidence rate of 0.36 mm/yr for the central portion of San 
Diego Bay. 
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In the Crown Cove area, the interpreted sea level low-stand is offset ~5.7 m as a result 
of movement on the localized pop-up structure. We assume an age of 20-15 ka for a stable sea 
level low-stand in southern California responsible for the apparent erosional surface (Reynolds 
and Simms, 2015). Therefore, the faults associated with the pop-up structure have an apparent 
vertical slip rate of 0.29-0.38 mm/yr. The offset of the interpreted latest transgressive surface 
observed in SSB05 (Figure 14) in the Crown Cove area suggests that the pop-up structure faults 
are Holocene active and may have ruptured in the past ~1,300 years. The homogeneous 
character of the sediments above the interpreted sea level low-stand in the southern chirp 
profiles does not facilitate the determination of post-LGM movement on other faults in Group-
2. However, several truncated reflectors directly above the mapped fault strands may be 
evidence for recent faulting (Figure 10). 
Fault stepovers have long been recognized as areas of potential earthquake nucleation 
and termination (e.g., Oglesby, 2005; Wesnousky, 2008). Empirical data of historical 
earthquake surface ruptures indicate that stepover distances greater than ~5 km typically act as 
barriers to through-going earthquake ruptures. Therefore, a through-going rupture across the 
~10 km wide Rose Canyon–Descanso fault stepover is not predicted. The proposed Rose 
Canyon–San Miguel-Vallecitos stepover would be on the order of ~3-4 km wide, a distance 
that historical ruptures have jumped. Additionally, the linkage of D1 and SB1 via relay faults 
may indicate the formation of a through-going cross basin fault, which would provide a fault 
structure for potential future earthquakes to continue through San Diego Bay. The smaller 
stepover distance and potential cross basin fault would allow for potentially longer earthquake 
ruptures, which in turn would results in larger magnitude earthquakes. However, without 
conclusive evidence of faulting south of San Diego Bay to connect the two larger strike-slip 
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systems, a potential cross basin fault earthquake pathway remains speculative. Regardless, 
small earthquakes and static stress change within the San Diego pull-apart basin might act to 
trigger earthquakes on any of the three major faults, as has potentially happened in the past 
(Oglsbey, 2005; Marquez, 2017; Singleton et al., 2019). Additional studies into faulting south 
and east of San Diego Bay are warranted to better resolve regional fault connections.   
 
4.7 Conclusion 
 The results of this study show the value of legacy MCS data to investigate fault 
structures in urban waterways where data collection may no longer be feasible. Additionally, 
the improved resolution from reprocessing the legacy MCS dataset allowed for the correlation 
of stratigraphy across San Diego Bay. When combined with the high-resolution chirp profiles, 
the nested dataset allowed for a more comprehensive interpretation of stratigraphy and recency 
of faulting beneath San Diego Bay. The results of the gridded surface for horizon 5 show 
several localized depositional centers adjacent to the linking faults imaged in San Diego Bay. 
These faults likely form a set of terraced sidewall faults that are predicted by analog models of 
pull-apart basins. The relative amount, and sense of displacement observed on the faults in San 
Diego Bay in the nested seismic dataset is consistent with predicted results from models of 
pull-apart basins. In the southeastern portion of San Diego Bay, fault D1-SB1 looks to be a 
continuous fault structure connected by relay faults. The D1-SB1 linked fault appears to control 
deposition in the southern portion of San Diego Bay and is similarly oriented to gravity 
anomalies beneath the bay.  
The San Diego Bay pull-apart basin can be divided into a western and eastern basin 
based on the different orientation of two groups of faults (Group-1 and Group-2/La Nacion 
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fault zone). Group-1 faults are located in the northwestern portion of San Diego Bay and are 
well described by classical pull-apart basin models, and support a Rose Canyon–Descanso fault 
pull-apart basin to explain the subsidence of San Diego Bay. The near parallel orientation of 
Group-2 and the La Nacion faults to the Rose Canyon fault are in contrast to this model and 
suggest an additional influence from other regional faults. A potential pull-apart basin between 
the Rose Canyon and the San Miguel-Vallecitos faults would explain the orientations of the 
Group-2 and La Nacion faults. Kinematic analysis of the Rose Canyon–San Miguel-Vallecitos 
pull-apart model predicts a significant component of strike-slip partitioning, which is not 
observed in the seismic profiles. However, on the southernmost profiles, several indicators of 
strike-slip motion suggest an increase in strike-slip deformation in the southern portion of the 
bay. The favorable orientation of the Group-2 and La Nacion faults as well as the potential 
formation of a linked D1-SB1 fault, may be evidence for a Rose Canyon–San Miguel-
Vallecitos fault connection, but further work is warranted.  
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Table 4.1. Radiocarbon dates used to construct an age model of sampled material in the Crown 
Cove cores (Figure 16).  
Sample # Core (depth cm) 14C age (yrs BP) ± Material 
13.3-78/79 CC-13 (368-
369) 
3070 15 Shell (whole) 
13.3-113/114 CC-13 (404-
405) 
2575 15 Shell (whole) 
12.2-208/210 CC-12 (379-
380) 
2180 15 Shell (whole) 
12.2-192/194 CC-12 (355-
357) 
2000 15 Shell (whole) 
13.3-74/75 CC-13 (361-
362) 
1815 15 Shell (whole) 
13.3-4/5 CC-13 (294-
295) 
815 15 Shell (whole) 
 
Table 4.2. Average fault trends and plate motion boundary conditions used in the structural 
analysis of the San Diego Bay pull-apart basin. 
Feature Trend 
Rose Canyon fault N 27° W 
Descanso fault N 25 ° W 
San Miguel-Vallecitos fault N 50° W 
Group-1 average N 1.5° E 
Group-2 average N 22.7° W 
La Nacion fault zone Average N 8.7 ° W 
Maximum horizontal compressional stress N 7° E 
Plate boundary vector N 43° W 
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Figure 4.1. Overview map of San Diego region with regional faults (red lines). The faults that 
trend south away from San Diego Bay (i.e., SBF, CF, SSF) likely continue beyond the 
international border, but lack reliable data to extend the mapped trace. Inset shows location in 
northwestern Baja California and southwest California (red box) with transpeninsula faults 
(black lines). SD=San Diego, TJ=Tijuana, PL=Point Loma, ES=Ensenada, SMV=San Miguel-
Vallecitos fault, AB=Agua Blanca fault, SBF=Spanish Bight fault, CF=Coronado fault, 
SSF=Silver Strand fault, LBFZ=Los Buenos fault zone. Fault traces north of the international 
border are from the USGS fault database (USGS, 2019), faults south of the border are from 
Fletcher et al. (2014). 
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Figure 4.2. Map of San Diego Bay showing previously mapped fault traces from USGS 
quaternary fault database (red lines) (USGS, 2019), seismic data used in this study (yellow and 
black lines), and extended fault traces as part of this study (white lines). Bolded seismic lines 
are the location of figures presented in the text. 
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Figure 4.3. MCS profile T196-098 showing large displacement across the Silver Strand fault 
and westward dip of stratigraphy into both the Silver Strand fault and Fault D1. West of the 
Silver Strand fault, stratigraphy is flat lying to gently west dipping. Large apparent offset across 
the Silver Strand fault and uniform character of reflectors west of the fault make interpretations 
difficult. Inset shows offset high amplitude irregular reflector interpreted to represent the MIS 
stage 5e Nestor Terrace. Shown in the bottom panel are the five horizons used to observe 
changes in stratigraphy across San Diego Bay. Profile location shown in Figure 2.  
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Figure 4.4. MSC profile T196-c092 showing increasing subsidence associated with D1.  
Horizons are the same as Figure 3. Location shown in Figure 2. 
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Figure 4.5. MCS profile T196-088 showing distributed faulting and potential relay structure 
between faults D1 and SB1. Horizons are the same as Figure 3. Location shown in Figure 2. 
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Figure 4.6. Horizon 5 gridded surface. Faults from the USGS quaternary fault database are 
shown as black lines (USGS, 2019). White lines are the extended fault traces from this study. 
Localized depositional centers are seen adjacent to D1, SB1, and the Silver Strand faults. 
Background satellite image from Google Earth (earth.google.com/web). 
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Figure 4.7. Unannotated (top) and annotated (bottom) fence diagrams showing trend of Fault 
D1 (white dashed vertical line) and its effect on the pathway of Chollas Creek (purple fill). See 
Figure 9 for look direction.  
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Figure 4.8. MCS profile T196-083 showing coalescing of fault strands adjacent to SB1 and 
more gently dipping stratigraphy to the west of SB1. Horizons are the same as Figure 3. 
Location shown in Figure 2. 
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Figure 4.9. Gridded surface of paleochannels observed in combined MCS and chirp dataset. 
Previously mapped faults are shown in black, newly mapped faults in white. Blue dashed lines 
are the approximate locations of paleochannels. Grey lines are locations of chirp profiles. 
FC=Fiddlers Cove, CC=Crown Cove. Background satellite image from Google Earth 
(earth.google.com/web). 
 
 
 
 
 
 
 
 
 
159 
 
 
 
 
Figure 4.10.  Unannotated (upper panel) and annotated (lower panel) nested chirp profile 
SSB03 (top profile) and MCS profile T196-a792 (bottom profile). Effect of Fault SB1 is seen 
as increasing dips with depth in the MCS profile, and growth strata terminating against the fault 
in the chirp profile. Green dashed horizon in chirp profile is the interpreted subaerially exposed 
surface from the latest sea level low-stand. Horizons in MCS image are the same as Figure 3. 
Location shown in Figure 2. 
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Figure 4.10. Continued. Unannotated (upper panel) and annotated (lower panel) nested chirp 
profile SSB03 (top profile) and MCS profile T196-a792 (bottom profile). Effect of Fault SB1 is 
seen as increasing dips with depth in the MCS profile, and growth strata terminating against the 
fault in the chirp profile. Green dashed horizon in chirp profile is the interpreted subaerially 
exposed surface from the last glacial maximum sea level low-stand. Horizons in MCS image 
are the same as Figure 3. Location shown in Figure 2. 
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Figure 4.11. Fence diagram of southernmost chirp lines that image Fault SB1. Vertical white 
dashed line is trace of SB1. Green dashed line is the interpreted sea level low-stand surface. See 
Figure 2 for location. 
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Figure 4.12. Chirp profile SSB06 across the Sweetwater paleochannel. Red dashed line is 
location of SB1. Green dashed line is the interpreted latest sea level low-stand surface. 
Location shown in Figure 9. 
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Figure 4.13. Chirp profile SSB02 with core correlation. Yellow horizon is potential inundation 
surface/latest transgressive surface. Green horizon is deposition from the last sea level low-
stand until inundation. Red arrow marks location of north-south oriented SSB05 profile. See 
Figure15a for location. 
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Figure 4.14. SSB05 showing offset associated with western pop-up structure fault. Green 
dashed line is the interpreted sea level low-stand surface. Yellow transparent unit is the 
interpreted transgressive surface / inundation surface. Red arrow marks location of east-west 
oriented SSB02 profile. See Figure15a for location. 
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Figure 4.15. Map of Crown Cove Cores. a) Modern Day satellite image. b) 1945 Nautical 
Chart overlaid on Modern Day Satellite image. c) 1945 Nautical Chart overlaid on 1951 Aerial 
Image. d) 1941 Aerial Image. e) 1927 Nautical Chart. Black Box in 1934 Nautical Chart shows 
location in San Diego Bay. White dots are locations of cores and black lines are chirp profiles. 
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Figure 4.16. Crown Cove cores. Shown is a photograph of the core, a simplified lithology, and 
magnetic susceptibility. Yellow dots are sample locations for radiocarbon dating. 
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Figure 4.17. OxCal Age Model for Crown Cove cores. 
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Figure 4.18. Regional fault orientations and plate boundary parameters used for kinematic 
interpretation. Solid black arrows are maximum and minimum horizontal stress orientations 
(Hardebeck and Hauksson, 2001), large outlined arrows are plate motion vectors, and the 
average orientations for Group-1, Group-2 and La Nacion fault zones are solid black, toothed 
lines. Large black hatched lines are regional faults.   
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Figure 4.19. Conceptual model for San Diego Bay pull-apart basin. (a) Model parameters. (b) 
Conceptual model for Group-1 faults. (c) Conceptual Model for Group-2 and La Nacion faults. 
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Figure 4.20. Conceptual kinematic block model for the San Diego region. See text for 
explanation. RCF=Rose Canyon fault, DF=Descanso fault, VF=Vallecitos fault. 
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 The material presented in preceding chapters increases our understanding of the Rose 
Canyon fault and its role in the larger southern California plate boundary. The results presented 
in this dissertation are based on new datasets compiled using a combination of geological and 
geophysical observational techniques. The multidisciplinary approach employed to investigate 
the fault behavior and features of the Rose Canyon fault allows for a better characterization of 
the seismic hazard in the San Diego-Tijuana region, as well as contributing towards answering 
fundamental questions in earthquake science such as the variation in earthquake distributions in 
time and space and what factors control that variation. The following paragraphs summarize the 
major results of this dissertation.  
The results from our paleoseismic study at Old Town show that the Rose Canyon fault 
has sustained seismic activity with ground rupturing earthquakes throughout the late Holocene 
and into the Historical period. The last relatively larger magnitude earthquake on the Rose 
Canyon fault at Old Town was apparently sometime in the mid-1700s. The Old Town 
paleoseismic record suggest that the Rose Canyon fault has a ~700-800 year recurrence interval 
for relatively larger magnitude earthquakes (M 6.7-7). The Old Town trenches also contain 
evidence of a historical rupture that most likely correlates to the May 27th 1862 San Diego 
earthquake (M ~6), which historical records of ground motion indicate may have initiated on a 
fault segment beneath San Diego Bay. This could imply that faults in San Diego Bay and the 
main segment of the Rose Canyon fault can rupture in synchrony. The close correlation in time 
of dated earthquakes at paleoseismic sites along strike of the Newport-Inglewood-Rose Canyon 
fault system suggests that the various fault segments communicate stress most likely through a 
cascading sequence of earthquakes.  
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The surface velocities of the combined campaign and continuous GPS network indicate a 
~3.5 mm/yr gradient across the San Diego region. The results of the preferred double fault 
homogeneous elastic half-space model indicate that the Rose Canyon fault may be slipping at 2.4 ± 0.5 mm/yr. However, the optimally oriented DESC transect suggests a higher rate of ~2.9 
mm/yr. Results from the asymmetric elastic half space model suggest that the oceanic-
continental lithospheric boundary present along the northern Newport-Inglewood segment may 
continue at least as far south as San Diego. Surface velocities relative to site SIO5, which is 
located on the trace of the Rose Canyon fault point towards a more easterly trend of the fault 
zone through southern San Diego. Reprocessed MCS data from south San Diego Bay image 
several northwest oriented faults that are well aligned to provide a fault structure to link the Rose 
Canyon fault with potential faulting south of San Diego Bay.  
The results of the fourth chapter show the value of reprocessed legacy MCS data to 
investigate fault structures and correlate stratigraphy in urban waterways where new data 
collection may not be feasible. When combined with the high-resolution chirp profiles, the 
nested dataset allows for a more comprehensive interpretation of stratigraphy and recency of 
faulting beneath San Diego Bay. The results of the gridded surface for horizon 5 show several 
localized depositional centers adjacent to potential sidewall faults. In the southeastern portion of 
San Diego Bay, fault D1-SB1 looks to be a continuous fault structure connected by relay faults. 
The D1-SB1 linked fault appears to control deposition in the southern portion of San Diego Bay 
and is similarly oriented to gravity anomalies beneath the bay. 
The San Diego Bay pull-apart basin can be divided into a western and eastern basin based 
on the different orientation of two groups of faults (Group-1 and Group-2/La Nacion fault zone). 
Group-1 faults are located in the northwestern portion of San Diego Bay and are well described 
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by a Rose Canyon–Descanso fault pull-apart basin causing subsidence beneath San Diego Bay. 
The near parallel orientation of Group-2 and the La Nacion faults to the Rose Canyon fault are in 
contrast to this model and suggest an additional influence from other regional faults. A potential 
pull-apart basin between the Rose Canyon and the San Miguel-Vallecitos faults could explain the 
orientations of the Group-2 and La Nacion faults. However, kinematic analysis of fault 
orientations and plate motion boundary conditions predict a significant component of strike-slip 
motion in the eastern basin that is not observed in seismic profiles. Interestingly, the 
southernmost profiles show several features typically associated with transtension that argue for 
an increasing component of strike-slip motion and may point towards the early development of a 
cross-basin fault. The favorable orientation of the Group-2 and La Nacion faults as well as the 
potential formation of a linked D1-SB1 fault, may be evidence for a Rose Canyon–San Miguel-
Vallecitos fault connection, but further work on the nature of faulting in the southern extreme of 
San Diego Bay and in the Tijuana River Valley is warranted to fully resolve this potential 
connection. 
